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Abstract
We derive bounds on couplings in the standard model effective field theory (SMEFT) as
a consequence of causality and the analytic structure of scattering amplitudes. In the
SMEFT, there are 64 independent operators at mass dimension eight that are quartic in
bosons (either Higgs or gauge fields) and that contain four derivatives and/or field strengths,
including both CP-conserving and CP-violating operators. Using analytic dispersion rela-
tion arguments for two-to-two bosonic scattering amplitudes, we derive 27 independent
bounds on the sign or magnitude of the couplings. We show that these bounds also follow
as a consequence of causality of signal propagation in nonvacuum SM backgrounds. These
bounds come in two qualitative forms: i) positivity of (various linear combinations of) cou-
plings of CP-even operators and ii) upper bounds on the magnitude of CP-odd operators in
terms of (products of) CP-even couplings. We exhibit various classes of example comple-
tions, which all satisfy our EFT bounds. These bounds have consequences for current and
future particle physics experiments, as part of the observable parameter space is inconsis-
tent with causality and analyticity. To demonstrate the impact of our bounds, we consider
applications both to SMEFT constraints derived at colliders and to limits on the neutron
electric dipole moment, highlighting the connection between such searches suggested by
infrared consistency.
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1 Introduction
We are currently entering a unique era in particle physics. With the discovery of the Higgs bo-
son [1,2], the Large Hadron Collider (LHC) has completed the detection of all of the fundamental
constituents of the standard model (SM). The absence as of yet of detections of supersymmetric
(SUSY) partner states [3]—and the possible dawn of a post-naturalness era [4–6]—means that
the road ahead for model building is both wide open and unclear. Without requiring a large
number of SUSY states at the weak scale, possible beyond-SM (BSM) theories run the gamut
from a rich structure of fields around the corner, near a TeV, to a desert up to a very high scale
(see, e.g., Refs. [7, 8] for illustrative examples of these alternatives). At the same time, a few
clear signals of BSM physics are presently indicated, namely, dark matter, neutrino masses, and
baryogenesis.
Faced with this situation, it is conceivable that the first tangible discoveries of BSM physics
will come not in the form of new on-shell particle states, but instead through the detection of
deviations from the SM through precision experiments, including the high luminosity/precision
era at the LHC [9–12], Higgs factories in the form of future e+e− colliders (see Ref. [13] and refs.
therein), measurements of the neutron and electron electric dipole moments (EDMs) [14–19],
and the muon g− 2 [20,21], among many others. Such deviations from the SM, induced by new
high-scale physics, can be encoded as operators of higher mass dimension in an effective field
theory (EFT) of the SM [22–26]. Using current measurements from the LHC [27–32], bounds
have begun to be placed on the Wilson coefficients of some of the operators in the SMEFT; for
a single example see Ref. [33].
In constructing an EFT, the Wilsonian approach is to write down all of the operators allowed,
constrained only by Lorentz and gauge invariance (along with any other exact symmetries of
the EFT), with arbitrary coefficients. However, not all infrared (IR) Lagrangians can be gen-
erated by healthy ultraviolet (UV) completions. As shown in Ref. [34],1 causality of signal
propagation, as well as quantum mechanical unitarity and the analytic properties of scattering
amplitudes, constrains the Wilson coefficients in the EFT; see also Refs. [38, 39]. This require-
ment of IR consistency has led to a program of bounding couplings in various EFTs of interest,
including corrections to general relativity [40–43], nonlinear electrodynamics [34], massive grav-
ity [44–47] and higher-spin states [48–54], certain scalar theories [55–59] including the proof
of the four-dimensional a-theorem [60], theories of fermion compositeness [61], electroweak chi-
ral Lagrangian [62, 63], chiral perturbation theory [35–37], the electroweak EFT [64–66], and
1See also Refs. [35–37] for earlier applications of such arguments to chiral perturbation theory.
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Figure 1: Schematic depiction of bounds derived in this work. For the example of an observable
sensitive to two SMEFT operators, O1 and O2, data can weigh directly on the allowed parameter
space for these operators, as shown by the yellow contours in the figure. However, much of the
parameter space is inconsistent with fundamental underlying properties of quantum field theory,
and any theory with couplings in the forbidden region would depart significantly from standard
assumptions about the form of UV physics (causality, unitarity, etc.). Consequently, our bounds
can be viewed as placing strong theoretical priors on the parameter space of the SMEFT.
Einstein-Maxwell theory with applications to the Weak Gravity Conjecture [67–71]. The IR
consistency program, taking a bottom-up approach to constraining EFTs, has evolved in tan-
dem with the swampland program [72–74], which constrains EFTs compatible with quantum
gravity via a top-down perspective, examining the space of string theoretic UV completions.
Despite this progress, IR consistency bounds from analyticity and causality have not been
systematically applied to the full SMEFT itself. The present is an especially compelling time
to do so, given that bounding and measuring SMEFT coefficients will be a focus of current and
future precision particle physics experiments. The consistency constraints can be applied to the
results of such experiments in at least three ways. First, constraining the space of possible EFT
coefficients leads to enhanced statistical power for experiments sensitive to these operators,
since one can incorporate IR consistency bounds into the prior probability distribution. A
schematic depiction of this interplay between the bounds derived in this work and experimental
constraint is shown in Fig. 1. In total we will derive 27 independent bounds; if each were as
simple as requiring a certain operator coefficient to be positive, then this would represent a
factor of 227 ∼ 108 reduction in the parameter space. This is just a rough estimate, however,
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because the bounds will often appear as relations between the various operators. For example,
we will see a number of examples where the size of CP-odd operators is bounded from above
by certain CP-even contributions. This implies a second possible use for our bounds: linking
naively disparate experimental measurements. We will explore an example of this in the form
of connecting collider searches to measurements of the neutron EDM. A third application of our
results is that a definitive discovery of new physics, appearing in the form of nonzero SMEFT
coefficients, would allow our bounds to be directly compared with data (provided that the sign of
the operator coefficients can be determined). Testing whether the resulting coefficients satisfy
our bounds thereby allows for fundamental properties of the UV theory—such as causality,
analyticity/locality, unitarity, and Lorentz invariance—to be tested to very high energies through
experimental signatures at accessible scales.
Although we will not attempt an exhaustive exploration of the experimental consequences
of our results, one example we will consider in more detail is the search for BSM contributions
to electroweak boson four-point vertices, such as WWγZ. Such corrections are traditionally
referred to as anomalous quartic gauge-boson couplings (aQGCs) and include all possible four-
gauge-boson vertices in the electroweak sector of the SM (i.e., excluding gluons). Both CMS and
ATLAS are actively searching for processes sensitive to the quartic gauge-boson vertices and
aQGCs; see Ref. [75] for a review. The dimension-eight SMEFT operators that induce aQGCs,
first written down in Ref. [76], are a subset of the operators we will consider here. As such,
the bounds we derive in this work forbid couplings in certain regions of parameter space; while
experimentally accessible, these regions are impossible to generate via any conventional UV com-
pletion. We note that positivity constraints on these operators were also recently considered in
Refs. [65,66], which we will discuss in Sec. 6.1. In much of the experimental and phenomenologi-
cal literature on aQGCs, a one-at-a-time assumption is employed, where constraints are derived
by allowing only one higher-dimension operator to be nonzero; this assumption strongly limits
the applicability and genericity of such bounds to arbitrary EFTs. We will show that even with-
out using this simplifying assumption, we are able to derive bounds on aQGCs that are both
simple and general.
In this paper, we will consider bosonic higher-dimension operators in the SMEFT. In order to
bound operators using analyticity of scattering amplitudes or causality of particle propagation,
we will specialize to gauge-invariant operators that contain terms quartic in the fields [34]. By
derivative counting, we require operators with a number of derivatives (possibly inside field
strengths) divisible by four in order to obtain positivity bounds from forward amplitudes or
causal dispersion relations. Hence, we will be placing positivity bounds on dimension-eight
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operators, which have Wilson coefficients ∼ 1/M4 for M the cutoff scale at which new physics
enters.
A priori, one could also consider dimension-six operators, which are formally dominant,
scaling as 1/M2 (for progress in this direction, see e.g. Refs. [77, 78]). Indeed, generically two
insertions of a dimension-six operator would compete with dimension-eight terms. In such
cases, the squared contribution of the dimension-six coupling would obstruct our ability to place
positivity constraints directly on dimension-eight operators in the EFT. However, we will see in
Sec. 3.2 that, in the SMEFT, we can choose our scattering states to exclude the dimension-six
contribution from interference with the operators of interest, leaving valid positivity bounds
purely on the coefficients of dimension-eight operators.
This paper is structured as follows. In Sec. 2 we briefly review the IR arguments resulting
in positivity bounds on EFT coefficients from analyticity and causality. We give the basis of all
dimension-eight four-boson operators in the SMEFT in Sec. 3. In Sec. 4 we derive our positivity
bounds on bosonic operator coefficients in the SMEFT. As a check of our bounds, we consider
broad classes of example UV completions of our operators in Sec. 5. We explore a subset of the
phenomenological implications in Sec. 6 and conclude in Sec. 7.
2 Infrared Consistency
In the interest of being self-contained, let us first briefly review how the analytic structure of
scattering amplitudes and causality of signal propagation can be used to bound coefficients of
operators in EFTs. For details, see Ref. [34], as well as further discussion, extensions, and
applications in Refs. [38–60, 65–71]. Throughout this section, in order to keep the discussion
grounded, we will periodically return to an application of the bounds to a particularly sim-
ple example: the theory of a single massless scalar field φ, invariant under a shift symmetry
φ→ φ+ constant. The Lagrangian for this theory, including the leading-order dimension-eight
interaction, is given by
L = −1
2
(∂φ)2 +
c
M4
(∂φ)4. (1)
As we will review, consistency requires c > 0. Throughout this work, we use the mostly-plus
metric signature convention, gµν = diag(−1,+1,+1,+1). For our key results, however, we will
always identify if there is any dependence upon convention.
In order to establish the analyticity bound, consider the scattering of massless particles
12→ 34, with the incoming state |ψin〉 describing particles 1 and 2. The two-to-two amplitude
6
M(s, t) can be written as a function of the Mandelstam variables s and t,2 as well as (for a
general theory) polarizations or other quantum numbers. The forward amplitude, which we will
write as A(s), is obtained by taking t → 0, as well as ensuring that the outgoing state |ψout〉
is identical to the incoming one (e.g., in polarizations, flavor, species, etc.). For our scalar field
example, the two-to-two scattering amplitude is
M(s, t) = 2c
M4
(s2 + t2 + u2), (2)
and so in this case, the forward amplitude is simply A(s) = 4cs2/M4.
Returning to the general case, let us promote the squared center-of-mass energy s to a
complex quantity. The analytic structure of scattering amplitudes as functions of complex
momenta has been well studied [79–83]; in particular, A(s) is analytic everywhere in the plane
except near the real s axis, where simple poles correspond to on-shell tree-level exchange of
massive intermediate states, and branch cuts along the axis are associated with logarithmic terms
arising from loops, i.e., multiparticle on-shell production. We can exploit this general structure
as follows. Let us expand A(s) in an EFT as ∑∞n=0 λnsn at small s. Using this expansion and
defining a small circular contour C around the origin, we can isolate the coefficient of s2 in the
forward amplitude using the following contour integral:
λ2 =
1
2pii
∮
C
ds
s3
A(s). (3)
We will now establish that λ2 > 0.3 To do so, we exploit the analyticity of A(s) to deform
C to a new contour C ′, which stretches out to infinity wherever it is not obstructed by the
discontinuities in A(s), as shown in Fig. 2. For simplicity, we will treat the discontinuity as
beginning at ±sd. This choice is well motivated as it appears in simple UV completions. For
example, a tree-level completion involving the exchange of a state with mass m will generate two
poles on the real s axis, fixing sd = m2. Further, if the theory is instead UV completed at one
loop using a single particle of the same mass, then the associated branch cuts lead to sd = 4m2.
Nevertheless, in general the theory will contain poles as well as branch cuts, the exact locations
of which are determined by the UV properties of the theory, and we defer to, e.g., Ref. [34]
for a more general discussion.4 The contribution to the integral from the boundary circle at
2We use the all-incoming convention for momenta and define the Mandelstam variables as s = −(p1 + p2)2,
t = −(p1 + p3)2, and u = −(p1 + p4)2, where s+ t+ u = 0 for massless states.
3For simplicity of notation, throughout we will write all bounds on operator coefficients as strict inequalities,
though this could be relaxed (i.e., ≥) if we are working at fixed (e.g., tree) order, cf. Refs. [34, 55,58].
4If the amplitude contains loops with massless particles, then branch cuts extend all the way to s = 0. However,
as in Ref. [34] we can deform the theory in the IR by introducing a mass regulator, ensuring analyticity in a
window near s = 0, though subtleties arise in the case of gravity [40,44].
7
 1
s
<latexit sha1_base64="8r6dWOvdyfgmPOHEanDSQrmgcis=">AAAB6HicbVBNS8NAEJ3Ur1q/qh6 9LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkS HkoecUWOlpu6XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkx sYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH3/OM+w==</latexit>
C
<latexit sha1_base64="1zTishWexuliaVJX0kqqW9/5Pyk=">AAAB8nicdVDLSgMxFL3js9ZX 1aWbYBFcDTN90HZX7MZlBfuA6VAyadqGZiZDkhHK0M9w40IRt36NO//GTFtBRQ8EDufcS849QcyZ0o7zYW1sbm3v7Ob28vsHh0fHhZPTrhKJJLRDBBeyH2BFOYtoRzPNaT+WFIcBp71g1sr83j2Vio noTs9j6od4ErExI1gbyRuEWE8J5mlrMSwUHbtRr5TdCnLsajmDIW6j5FZryLWdJYqwRntYeB+MBElCGmnCsVKe68TaT7HUjHC6yA8SRWNMZnhCPUMjHFLlp8vIC3RplBEaC2lepNFS/b6R4lCpeRiY ySyi+u1l4l+el+hx3U9ZFCeaRmT10TjhSAuU3Y9GTFKi+dwQTCQzWRGZYomJNi3lTQlfl6L/Sbdku2W7dFspNq/XdeTgHC7gClyoQRNuoA0dICDgAZ7g2dLWo/Viva5GN6z1zhn8gPX2Cd/3kac=</ latexit>
C0
<latexit sha1_base64="ydg15GDaaJh8jAmvU HjtanFIqNg=">AAAB83icdVDLSgMxFM3UV62vqks3wSK6GjJTrXVX7MZlBfuAzlAyaaYNzWSGJCOU ob/hxoUibv0Zd/6NmbaCih4IHM65l3tygoQzpRH6sAorq2vrG8XN0tb2zu5eef+go+JUEtomMY9lL 8CKciZoWzPNaS+RFEcBp91g0sz97j2VisXiTk8T6kd4JFjICNZG8rwI6zHBPGvOTgflCrKRc1Gr1y CyXZTDkDqqXrkudOy5gCpgidag/O4NY5JGVGjCsVJ9ByXaz7DUjHA6K3mpogkmEzyifUMFjqjys3nm GTwxyhCGsTRPaDhXv29kOFJqGgVmMs+ofnu5+JfXT3VY9zMmklRTQRaHwpRDHcO8ADhkkhLNp4ZgI pnJCskYS0y0qalkSvj6KfyfdFzbqdru7Xmlcb2sowiOwDE4Aw64BA1wA1qgDQhIwAN4As9Waj1aL9 brYrRgLXcOwQ9Yb58kgpHC</latexit>
Figure 2: A schematic depiction of the analytic structure of the amplitude in the complex s
plane, as well as the two contours we will use to establish our positivity bounds. The zigzag
lines denote the discontinuity in the amplitude, which can include poles and branch cuts.
infinity in C ′ will vanish, leaving Eq. (3) determined by the contribution above and below the
discontinuities on the real s axis.5 In detail, using DiscA(s) = lim→0[A(s+ i)−A(s− i)], we
have
1
2pii
∮
C′
ds
s3
A(s) = 1
2pii
(∫ −sd
−∞
+
∫ ∞
sd
)
ds
s3
DiscA(s) = 1
ipi
∫ ∞
sd
ds
s3
DiscA(s) (4)
In the second equality in Eq. (4), we sent s→ −s in the first integral and subsequently invoked
1↔ 3 crossing symmetry—assuming real polarizations so that the forward amplitude maps onto
itself under crossing—which implies A(−s) = A(s).6 Next, we can relate the discontinuity of
the forward amplitude to the cross section:
DiscA(s) = lim
→0
[A(s+ i)−A(s− i)] = lim
→0
[A(s+ i)− (A(s+ i))∗] = 2i ImA(s), (5)
where we used the Schwarz reflection principle, A(s∗) = [A(s)]∗. Recalling the optical theorem
ImA(s) = s σ(s) (a consequence of unitarity), we find that
λ2 =
2
pi
∫ ∞
sd
ds
s2
σ(s). (6)
5For massive states, the vanishing of the boundary integral at infinity is a consequence of the Froissart bound [79,
80]. For massless states, this conclusion can instead be reached from the weak requirement that the amplitude
of the UV completion scales more slowly with energy at large momentum than the EFT contribution [58].
6While the choice of real polarizations is not strictly necessary for placing positivity bounds [48], it will be
convenient for our purposes.
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Finally, as cross sections are by definition positive, we conclude that λ2 > 0. In the case of the
scalar field example, λ2 = 4c/M4, and so we have demonstrated that analyticity requires c > 0.
Alternatively, we can arrive at λ2 > 0 by invoking causality. Suppose λ2 is the coefficient
of an operator O[φ1, φ2], where O is quadratic in both φ1 and φ2 (here, φ1 and φ2 may or may
not be distinct fields). Since λ2 is defined to be the coefficient of s2, there must be exactly four
derivatives in O. We wish to determine the dynamics of a perturbation in φ1 in a background of
nonzero ∂φ2 condensate. The two remaining derivatives in O will contribute to the dispersion
relation quadratic in the momentum of φ1. Thus, if φ1 is massless, the speed v of the φ1
perturbation is given schematically by
v = 1− λ2∂φ2∂φ2, (7)
where as shown in Refs. [34, 58, 67] the signs in the speed calculation work out such that when
λ2 < 0, v > 1. In that case, by taking two nonoverlapping bubbles of condensate, giving them a
large relative boost (with relative speed vrel satisfying 1− vrel = O(2) when the signal speed is
v = 1 +  in the bubble [67]), and sending signals back and forth between the two bubbles [34],
one can form a bona fide causal paradox, with the return signal arriving at the sender before
the outgoing signal was sent [84,85]; see Fig. 2 of Ref. [34].
Let us demonstrate how this argument is realized in the simple scalar field example. Here,
we have O[φ1, φ2] = (∂φ)4, so that φ1 = φ2 = φ, and the operator is quartic in φ and ∂ as
required. The equation of motion associated with Eq. (1) is given by
2φ− 4c
M4
[
2φ(∂φ)2 + 2(∂µφ)(∂νφ)(∂µ∂νφ)
]
= 0. (8)
In order to derive the bound, we must consider the dynamics of small perturbations in the scalar
field around a nonzero background field. To do so, we set φ = ϕ + φ, with ϕ the perturbation
we wish to study and φ¯ a background condensate chosen such that ∂µφ = qµ, with qµ a constant
four-vector. The aim is to study the impact of interactions such as those in Fig. 3 on the
propagation of ϕ. Working in this background, the linearized equation of motion for ϕ becomes(
−1 + 4cq
2
M4
)
2ϕ+
8c
M4
qµqν∂µ∂νϕ = 0. (9)
If we expand ϕ in plane waves, as ϕ ∝ eik·x, this becomes a dispersion relation(
−1 + 4cq
2
M4
)
k2 +
8c
M4
(q · k)2 = 0. (10)
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ϕ ϕ
φ¯ φ¯
Figure 3: A representative interaction between a small perturbation ϕ and the background
scalar condensate φ¯ in which it is propagating. As shown in the text, in a theory where this
interaction is mediated by a term c(∂φ)4, unless c > 0, these interactions will lead to the
superluminal propagation of ϕ.
Writing kµ = (k0,k), the speed of propagation of ϕ is v = k0/|k|, which we can compute from
Eq. (10) to be
v =
√
1− 8c(q · k)
2
|k|2(M4 − 4cq2) ' 1−
4c(q · k)2
M4k20
, (11)
where in the second equality we expand to first order in the Wilson coefficient c. We conclude
that unless c > 0, ϕ will experience superluminal propagation, allowing causal paradoxes to be
constructed as described above.
3 Operator Basis
Before proving our positivity bounds, let us first construct our basis of operators. As discussed
in Sec. 1, we wish to consider all operators in the SMEFT that are quartic in bosonic fields and
that contain four derivatives. While the full set of operators at dimension eight in the SMEFT
is vast [23, 24], containing 993 terms in a minimal basis,7 the scattering processes we consider
will only activate a fraction of these operators, allowing us to tractably place positivity bounds.
3.1 Four-derivative dimension-eight bosonic operators
We will write the gauge field strengths for U(1)Y weak hypercharge, SU(2)L weak isospin,
and SU(3)C color as Bµν , W Iµν , and Gaµν , throughout using Greek letters for Lorentz indices,
I, J,K for weak indices, and a, b, c, d for color indices.8 We define the dual field strengths via
7The figure of 993 results [23] from counting operators and hermitian conjugates separately, but not counting
operators corresponding to different fermion generations. In this counting, there are 84 operators at dimension
six, cf. Ref. [22].
8Written in terms of the gauge fields Bµ, W Iµ , and Gaµ, the field strengths are Bµν = ∂µBν − ∂νBµ, W Iµν =
∂µW
I
ν − ∂νW Iµ + g2IJKW JµWKν , and Gaµν = ∂µGaν − ∂νGaµ + g3fabcGbµGcν . We write the gauge couplings of
U(1)Y , SU(2)L, and SU(3)C as g1, g2, and g3, respectively.
10
contraction with the Levi-Civita tensor µνρσ: B˜µν = µνρσBρσ/2, W˜ Iµν = µνρσW Iρσ/2, and
G˜aµν = µνρσGaρσ/2.
A priori, we could construct arbitrary operators that are gauge and Lorentz singlets, con-
tracting Lorentz indices with combinations of gµν and µνρσ and gauge indices with δIJ and
IJK for isospin and combinations of δab, fabc, and dabc for color, where we define the structure
constants via
[T a, T b] = ifabcT c
{T a, T b} = 1
3
δab1 + dabcT c,
(12)
for totally antisymmetric fabc, totally symmetric dabc, and defining the generators of SU(3) as
T a = λa/2 in terms of the Gell-Mann matrices λa. However, many of these operators will not be
linearly independent, by virtue of identities among Lorentz and color indices. The Levi-Civita
identity,9
µνρσαβγδ = −24 δ[µα δνβ δργ δσ]δ , (13)
implies, for example,
BµνB
νρBρσB
σµ =
1
2
(BµνB
µν)2 +
1
4
(BµνB˜
µν)2. (14)
The Schouten identity,
[αβγδgµ]ν = 0, (15)
can also be used to reduce the list of operators, e.g.,
4µνρσGaµαG
bα
ν G
c
ρβG
dβ
σ = (G
a
µνG
cµνGbρσG˜
dρσ +GbµνG
dµνGaρσG˜
cρσ)− (c↔ d). (16)
To reduce the color structures, we exploit a particularly useful SU(N) identity,
fabef cde =
2
N
(δacδbd − δadδbc) + dacedbde − dbcedade, (17)
and the Jacobi identity,
fabef ecd + f cbefaed + fdbeface = 0, (18)
along with the additional SU(N) identities
fabcfabd = Nδcd
dabcdabd =
N2 − 4
N
δcd
fabedcde + facedbde + fadedbce = 0
fabedcde + f cbedade + fdbedace = 0.
(19)
9We denote normalized symmetrization via λ(a1···an) = 1n! (λ
a1···an + permutations) and antisymmetrization
similarly with [a1 · · · an].
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Moreover, for SU(3), there are two additional identities:
3dabedcde − facef bde − fadef bce = δacδbd + δadδbc − δabδcd
3(dabedcde + dacedbde + dadedbce) = δabδcd + δacδbd + δadδbc.
(20)
Using these relations, one can construct a minimal basis of operators quartic in the field
strength for Yang-Mills theory, as originally derived in Ref. [86]. In particular, one can show that,
among the G4-type operators quartic in the gluon field strength of SU(3)C , the minimal basis
consists of 6 CP-conserving and 3 CP-violating operators. Analogously, for the W 4 operators
of SU(2)L, since dabc vanishes for this group, the minimal basis comprises 4 CP-conserving and
2 CP-violating operators, while for the B4 operators of U(1), there are 2 independent CP-
conserving operators and 1 CP-violating operator. The minimal basis is given in Table 1.
We can similarly construct a minimal basis of cross-quartic operators. For operators of the
B2W 2 form, there are 4 CP-conserving and 3 CP-violating independent operators, and similarly
for operators of the B2G2 and W 2G2 types. Moreover, there are 2 independent CP-conserving
and 2 CP-violating operators of the BG3 form (but there are no nonvanishing operators of the
BW 3 form). All of these operators are also given in Table 1.
Finally, we define the complex Higgs field H as a fundamental (2) of SU(2)L, which we can
write in terms of four real scalar fields φ1,2,3,4 as
Hi =
1√
2
(
φ1 + iφ2
φ3 + iφ4
)
, (21)
with conjugate
H†i =
1√
2
(−φ3 + iφ4
φ1 − iφ2
)
. (22)
We contract fundamental SU(2) indices in two different ways. First, contractions of the form
H†H are performed using ij.10 On occasion, we will also express the triplet resulting from the
product of two doublets as, for example, H†τKH = H†i(τK) ji Hj, where τ I = σI/2, with σI
the usual Pauli matrices. Further, we define the covariant derivative DµH = (∂µ + 12ig1Bµ +
ig2τ
IW Iµ)H. Then, as shown by Ref. [87], there are three linearly-independent operators of
the form (DH)4, as well as 10 CP-conserving and 8 CP-violating four-derivative bosonic cross-
quartics containing the Higgs; see Table 2.11
10We follow the convention of Ref. [87], treating H†i = ijH
†j as a 2 of SU(2) rather than 2¯. Here i indexes the
fundamental representation of SU(2) and runs over i ∈ {1, 2}. We define 12 = 21 = +1, so that indices are
contracted as Hi = ijHj , Hi = ijHj , and H†H = ijH
†
jHi = +(φ
2
1 + φ
2
2 + φ
2
3 + φ
2
4)/2.
11As confirmed by Ref. [88], we note that Ref. [87] contains a typo in the equivalent expressions for our OH2W 23 ,
O˜H2W 23 , and O˜H
2BW
2 . In Ref. [87], the equivalent expressions are missing a factor of i required to make them
self-hermitian. (In detail, the relevant terms in their notation are O8,DHW3, O8,DHW3b, and O8,DHW˜B2 in
their Table 5.)
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In total, the basis in Tables 1 and 2 contains 64 terms, of which 39 conserve and 25 violate
CP. All possible quartic, four-derivative, Lorentz and gauge invariant dimension-eight operators
in the SMEFT can be written as a linear combination of operators in this basis. We will write
the SMEFT action relevant for our bounds as
L =− 1
4
BµνB
µν − 1
4
W IµνW
Iµν − 1
4
GaµνG
aµν − (DµH)†DµH − µ2H†H + λ(H†H)2
+
1
M4
∑
i
ciOi,
(23)
where M is the scale of new physics, the sum over the Oi contains all the operators in Tables 1
and 2 (e.g., OG41 , OH2G22 , O˜B2W 23 , etc.), and the ci are unitless couplings decorated analogously
with their corresponding operators (e.g., cG41 , cH
2G2
2 , c˜B
2W 2
3 , etc.). In all tables, each operator in
the basis is self-hermitian, so the ci are real. It is on this set of couplings ci that we will derive
bounds from analyticity and causality, which will be the main result of this work.
3.2 Lower-dimension operators
In a general EFT of the SM, there are additional higher-dimension operators appearing at mass
dimension five, six, and seven. For a general scattering process or perturbative calculation,
such operators are formally dominant over dimension-eight terms. However, for the four-boson
operators we will consider, we can exclude such operators from consideration as follows.
The only dimension-five operator in the SMEFT is the Weinberg operator [89], which gener-
ates Majorana neutrino masses. This operator contains fermionic fields, but we will be consid-
ering four-point scattering of bosons and the propagation of bosonic states in backgrounds that
have nonzero bosonic field support but vanishing classical fermionic field backgrounds. That is,
since fermion lines cannot end in Feynman diagrams, fermions cannot contribute to four-point
boson scattering at leading order in perturbation theory. Hence, the dimension-five term’s con-
tribution to the amplitude in the low-energy EFT can be neglected for the processes we consider.
By the same token, since all dimension-seven operators in the SMEFT contain fermions [23], we
can exclude these from our analysis as well.
The SMEFT at dimension six is well studied; see Refs. [22, 23, 89–95] and refs. therein.
The operator basis, given in Ref. [22], contains 59 independent baryon number conserving and
4 baryon number violating operators (counting hermitian conjugates as part of the original
operator). Of these terms, 48 contain fermions, which we exclude by the reasoning given above,
leaving the 15 purely bosonic operators given in Table 3.
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B4 operators F 21F 22 /F1F 32 cross-quartics
OB41 (BB)(BB) OB2W 21 (BB)(W IW I)
OB42 (BB˜)(BB˜) OB2W 22 (BB˜)(W IW˜ I)
O˜B41 (BB)(BB˜) OB2W 23 (BW I)(BW I)
OB2W 24 (BW˜ I)(BW˜ I)
O˜B2W 21 (BB˜)(W IW I)
W 4 operators O˜B2W 22 (BB)(W IW˜ I)
O˜B2W 23 (BW I)(BW˜ I)
OW 41 (W IW I)(W JW J)
OW 42 (W IW˜ I)(W JW˜ J) OB2G21 (BB)(GaGa)
OW 43 (W IW J)(W IW J) OB2G22 (BB˜)(GaG˜a)
OW 44 (W IW˜ J)(W IW˜ J) OB2G23 (BGa)(BGa)
O˜W
4
1 (W
IW I)(W JW˜ J) OB2G24 (BG˜a)(BG˜a)
O˜W 42 (W IW J)(W IW˜ J) O˜B2G21 (BB˜)(GaGa)
O˜B2G22 (BB)(GaG˜a)
O˜B2G23 (BGa)(BG˜a)
G4 operators
OW 2G21 (W IW I)(GaGa)
OG41 (GaGa)(GbGb) OW 2G22 (W IW˜ I)(GaG˜a)
OG42 (GaG˜a)(GbG˜b) OW 2G23 (W IGa)(W IGa)
OG43 (GaGb)(GaGb) OW 2G24 (W IG˜a)(W IG˜a)
OG44 (GaG˜b)(GaG˜b) O˜W 2G21 (W IW˜ I)(GaGa)
OG45 dabedcde(GaGb)(GcGd) O˜W 2G22 (W IW I)(GaG˜a)
OG46 dabedcde(GaG˜b)(GcG˜d) O˜W 2G23 (W IGa)(W IG˜a)
O˜G
4
1 (G
aGa)(GbG˜b)
O˜G42 (GaGb)(GaG˜b) OBG31 dabc(BGa)(GbGc)
O˜G43 dabedcde(GaGb)(GcG˜d) OBG32 dabc(BG˜a)(GbG˜c)
O˜BG31 dabc(BG˜a)(GbGc)
O˜BG32 dabc(BGa)(GbG˜c)
Table 1: Basis of independent dimension-eight operators in the SMEFT that are quartic in
gauge field strengths. CP-violating operators are denoted with a tilde. Throughout the table,
we have for clarity suppressed Lorentz indices, writing (AB) for AµνBµν .
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(DH)4 operators
OH41 (DµH†DνH)(DνH†DµH)
OH42 (DµH†DνH)(DµH†DνH)
OH43 (DµH†DµH)(DνH†DνH)
(DH)2F 2 cross-quartics
OH2B21 (DµH†DνH)BµρB ρν
OH2B22 (DµH†DµH)BρσBρσ
O˜H2B21 (DµH†DµH)BρσB˜ρσ
OH2W 21 (DµH†DνH)W IµρW Iρν
OH2W 22 (DµH†DµH)W IρσW Iρσ
OH2W 23 i IJK(DµH†τ IDνH)W JµρWKρν
O˜H2W 21 (DµH†DµH)W IρσW˜ Iρσ
O˜H2W 22 IJK(DµH†τ IDνH)(W JµρW˜Kρν − W˜ JµρWKρν )
O˜H2W 23 i IJK(DµH†τ IDνH)(W JµρW˜Kρν +W˜ JµρWKρν )
OH2G21 (DµH†DνH)GaµρGaρν
OH2G22 (DµH†DµH)GaρσGaρσ
O˜H2G21 (DµH†DµH)GaρσG˜aρσ
(DH)2F1F2 cross-quartics
OH2BW1 (DµH†τ IDµH)BρσW Iρσ
OH2BW2 i(DµH†τ IDνH)(BµρW Iρν −BνρW Iρµ )
OH2BW3 (DµH†τ IDνH)(BµρW Iρν +BνρW Iρµ )
O˜H2BW1 (DµH†τ IDµH)BρσW˜ Iρσ
O˜H2BW2 i(DµH†τ IDνH)(BµρW˜ Iρν −BνρW˜ Iρµ )
O˜H2BW3 (DµH†τ IDνH)(BµρW˜ Iρν +BνρW˜ Iρµ )
Table 2: Basis of independent dimension-eight operators in the SMEFT that are quartic in
bosons and contain four derivatives and/or field strengths and at least one Higgs. CP-violating
operators are denoted with a tilde. Factors of i ensure that each operator is self-hermitian and
thus has real Wilson coefficient.
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OH2B2dim-6 H†HBµνBµν OW 3dim-6 IJKW Iνµ W Jρν WKµρ
O˜H2B2dim-6 H†HBµνB˜µν O˜W 3dim-6 IJKW Iνµ W Jρν W˜Kµρ
OH2W 2dim-6 H†HW IµνW Iµν OG3dim-6 fabcGaνµ Gbρν Gcµρ
O˜H2W 2dim-6 H†HW IµνW˜ Iµν O˜G3dim-6 fabcGaνµ Gbρν G˜cµρ
OH2G2dim-6 H†HGaµνGaµν OH41,dim-6 (H†H)2(H†H)
O˜H2G2dim-6 H†HGaµνG˜aµν OH42,dim-6 (H†DµH)?(H†DµH)
OH2BWdim-6 H†τ IHBµνW Iµν OH6dim-6 (H†H)3
O˜H2BWdim-6 H†τ IHBµνW˜ Iµν
Table 3: Bosonic operators at dimension six in the SMEFT.
Since the quartic operators with a Higgs in Table 3—of the schematic form H2F 2, H22H2,
or (HDH)2—have terms containing at most two derivatives, a single insertion of these operators
contributes at lower order in momenta in the four-point amplitude; hence, such terms will give no
contribution to the s2 coefficient in the forward amplitude and will thus drop out of the contour
integral in Eq. (3) by the residue theorem. Again, we need not consider multiple insertions of
quartic operators, since we are computing amplitudes to leading order low-energy EFT. In the
causality calculation, such operators also do not contribute to the first-order change to the speed
of propagation, since the two derivatives in these operators become two insertions of the zeroth-
order momentum k, and one can see by Table 3 that these two k momenta will always both be
contracted into each other (yielding zero contribution to the first-order dispersion relation), into
a polarization (yielding zero by the Lorenz gauge condition), or into a Levi-Civita tensor (again
yielding zero). Hence, we can drop all the operators in the first column of Table 3, as well as
OH41,dim-6 and OH42,dim-6. We can also drop the six-point term OH6dim-6, since it cannot contribute to
the leading-order four-point amplitudes in the EFT.
We are thus left with only four operators to consider at dimension six: OW 3dim-6, O˜W 3dim-6,
OG3dim-6, and O˜G3dim-6. Expanding in gauge fields, these operators can generate both cubic and
quartic vertices, which can contribute to four-point W boson or gluon scattering. While a single
insertion of the quartic will be of lower order in derivatives, exchange of a gauge boson through
two insertions of the dimension-six operator will give a contribution independent of the sign of
the coupling and at the same order in derivatives as a single insertion of a four-point dimension-
eight vertex, thus obstructing the bounds we wish to place. We can avoid this obstacle by simply
choosing to scatter incoming states with commuting colors. Writing ua1 and ua2 for the two color
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vectors of the incoming gluons (and similarly for the W bosons), choosing u1,2 such that
fabcub1u
c
2 = 0 (24)
guarantees that the leading-order four-point forward amplitude induced by OG3dim-6, and O˜G3dim-6
vanishes. Similarly, choosing Eq. (24), where now u1,2 are the colors of the background and
perturbation, guarantees that these operators do not change the speed of propagation. A similar
conclusion holds for the W 3 operators. The requirement in Eq. (24) also excises the t-channel
singularity, which scales as s/t, from the forward Yang-Mills amplitude. By requiring states
with commuting colors according to Eq. (24), we are choosing gluons within the abelian Cartan
subalgebra describing the diagonal generators of SU(N); the Cartan subalgebra has N − 1
generators, so we will derive N − 1 U(1)-like bounds from SU(N) scattering.
Finally, we should consider whether contributions from the unperturbed SM itself interfere
with our bounds. Given the paucity of direct new physics detections at the LHC and elsewhere,
we make the well-motivated assumption that the scale M of new physics is above the weak
scale. We can therefore treat all of the bosons in our thought experiments as massless to good
approximation. Above the weak scale, the SM obeys perturbative unitarity, so amplitudes
from purely SM operators are well behaved at large momenta. In contrast, the addition of
four-derivative (dimension-eight) EFT operators induces amplitudes that diverge s2. As before,
since the contour integral in s extracts the s2 part of the amplitude, we can ignore at leading
order any contribution from the uncorrected SM. Accordingly, in all amplitudes we subsequently
write, we will suppress these contributions, retaining only the terms induced by the operators
in Tables 1 and 2. Moreover, the condition in Eq. (24) (along with its SU(2) analogue) ensures
that a gauge field background of one color does not interfere with the null propagation of gauge
fields of the other color, and similarly the Yang-Mills contribution to the forward amplitude
vanishes.
Thus, provided we take M above the weak scale and choose colors and isospins according
to Eq. (24), we are able to apply the analyticity and causality arguments reviewed in Sec. 2 to
four-point contact terms in the EFT in order to bound the dimension-eight operators without
being affected by operators of lower mass dimension.
4 Bounds
Using the causality and analyticity techniques of Sec. 2, we now derive bounds on the EFT
coefficients of the operators in Tables 1 and 2. In total we will derive 27 independent bounds,
and we will do so by considering different classes of operators separately.
17
4.1 Single field strength quartics
Let us first consider bounding the operators in Table 1 that contain a single type of gauge field.
It will be useful to first generalize to gauge group SU(N) for N arbitrary, writing the gauge
field as Aaµ and field strength at F aµν . As shown in Ref. [86], there are eight CP-conserving and
four CP-violating operators of the form F 4, given in Table 4; the larger number of operators,
compared to the SU(3) operators in Table 1, is due to the fact that the identities in Eq. (20) do
not apply for general N .
OF 41 (F aF a)(F bF b)
OF 42 (F aF˜ a)(F bF˜ b)
OF 43 (F aF b)(F aF b)
OF 44 (F aF˜ b)(F aF˜ b)
OF 45 dabedcde(F aF b)(F cF d)
OF 46 dabedcde(F aF˜ b)(F cF˜ d)
OF 47 dacedbde(F aF b)(F cF d)
OF 48 dacedbde(F aF˜ b)(F cF˜ d)
O˜F 41 (F aF a)(F bF˜ b)
O˜F 42 (F aF b)(F aF˜ b)
O˜F 43 dabedcde(F aF b)(F cF˜ d)
O˜F 44 dacedbde(F aF b)(F cF˜ d)
Table 4: Basis of independent operators for SU(N) Yang-Mills theory that are quartic in gauge
field strengths. Notation is as in Table 1.
We first consider the constraint that causality imposes on this more general set of operators.
Taking the Lagrangian −1
4
F aµνF
aµν + 1
M4
∑
i ciOi, for the Oi in Table 4, the leading-order (i.e.,
uncorrected Yang-Mills) equation of motion is
DµF aµν = ∂
µF aµν + g f
abcAµbF cµν = 0, (25)
where g is the gauge coupling. This equation of motion is solved by a constant F aµν , so we take
the background gauge field to be
A
a
µ = u
a
11µw, (26)
where u1 is a constant real vector in color space, 1 is a constant four-vector of arbitrary signature,
and w is an arbitrary Cartesian coordinate in spacetime, i.e., ∂µw = `µ, where `µ is a constant
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four-vector; we make no assumptions regarding the direction or signature of ` or 1.12 Note
that u1 is not a generator of SU(N); u1 is not matrix-valued, but is simply a constant vector
of real numbers. We then expand around this background, writing Aaµ = A
a
µ + δA
a
µ, where the
fluctuation is taken to be a plane wave,
δAaµ = u
a
22µe
ik·x, (27)
choosing an arbitrary color vector u2 and spacelike polarization 2. In vacuum, where A
a
µ = 0,
Eq. (27) is a solution of the equations of motion (25) provided k2 = k · 2 = 0. However, for
general backgrounds, this does not solve the unperturbed equations of motion, due to the self-
interaction of the gluon. If we take the background Aaµ to be given by the constant solution in
Eq. (26), then we require u1,2 to satisfy Eq. (24) in order for the null plane wave perturbation
to solve its equation of motion (i.e., to get k2 = 0 as a solution of the dispersion relation at
zeroth order in the ci). In spite of Eq. (24), there are additional color combinations we can form
using dabc, which we define as Ua = dabcub1uc2, V a = dabcub1uc1, and W a = dabcub2uc2. The identity
in Eq. (17) relates these as
VW = U2 +
2
N
[(u1u2)
2 − u21u22], (28)
where we contract color indices using δab.
Within this framework, we now compute the speed v of propagation of our fluctuation to
leading order in the ci, as in Sec. 2 writing kµ = (k0,k) and identifying the speed v as k0/|k|.
To our given order in perturbation theory, we find
v = 1− 8
M422u
2
2k
2
0N
{
[(1 · k)(2 · `)− (k · `)(1 · 2)]2A+ (µ1ν2kρ`σµνρσ)2B
−[(1 · k)(2 · `)− (k · `)(1 · 2)]µ1ν2kρ`σµνρσC} ,
(29)
where A, B, and C are combinations of the operator coefficients defined as
A = N
[
(2c1 + c3)(u1u2)
2 + c3u
2
1u
2
2 + 2(c5 + c7)U
2
]
+ 2c7
[
(u1u2)
2 − u21u22
]
B = N
[
(2c2 + c4)(u1u2)
2 + c4u
2
1u
2
2 + 2(c6 + c8)U
2
]
+ 2c8
[
(u1u2)
2 − u21u22
]
C = N
[
(2c˜1 + c˜2)(u1u2)
2 + c˜2u
2
1u
2
2 + 2(c˜3 + c˜4)U
2
]
+ 2c˜4
[
(u1u2)
2 − u21u22
]
.
(30)
Normalizing the color vectors such that u21 = u22 = 1 will allow us to define u1u2 = cos ζ. For
concreteness, we can use Lorentz invariance to fix the direction of k and the direction of the
12For the dispersion relation calculation, we work in the geometric optics limit, so that we can approximate any
solution with constant F aµν provided that we ultimately consider perturbations on length scales small compared
to the characteristic scale of the background.
19
(spatial vector) µ2 orthogonal to k. Let us take k to point in the z-direction and 
µ
2 to be a unit
vector pointing in the x-direction. Then let us define parameters θ1,2,3, φ1,2,3, and E via
`µ = (cos θ1, sin θ1 cos θ2, sin θ1 sin θ2 cos θ3, sin θ1 sin θ2 sin θ3)
µ1 = E(cosφ1, sinφ1 cosφ2, sinφ1 sinφ2 cosφ3, sinφ1 sinφ2 sinφ3).
(31)
Note that we do not need to specify a separate overall scale for both ` and 1; since each term in
the speed correction in Eq. (29) is quadratic in each of these vectors individually, we can absorb
the normalization into the constant E in Eq. (31). Then the speed v is
v = 1− 8E
2
M4N
(
AX2 +BY 2 + CXY
)
, (32)
where(
X
Y
)
=
(
sin θ1 cos θ2 sinφ1 cosφ2
sin θ1 sin θ2 cos θ3 sinφ1 sinφ2 cosφ3
)(
cosφ1 + sinφ1 sinφ2 sinφ3
cos θ1 − sin θ1 sin θ2 sin θ3
)
. (33)
Writing X = Z cosψ and Y = Z sinψ for some Z > 0, the causality bound becomes
A cos2 ψ +B sin2 ψ + C cosψ sinψ > 0. (34)
We can alternately obtain the constraint in Eq. (34) from analyticity and unitarity of scat-
tering amplitudes. To do so, we compute the two-to-two gluon scattering amplitude for gluons13
with incoming momenta k1,2,3,4, polarizations 1,2,3,4, and color vectors u1,2,3,4. Let us choose
forward kinematics (k3 = −k1, k4 = −k2, 3 = 1, 4 = 2, u3 = u1, u4 = u2) and require that
ui and i be real vectors. As discussed in Sec. 3.2, by requiring that u1,2 be chosen such that
fabcua1u
b
2 = 0 as in the causality bound, we ensure that contributions from the Yang-Mills cubic
interaction and any dimension-six cubics vanish. The forward amplitude is then
AF 4(s) = 8
M4N
{
A(1 · 2)2s2 +B[2122 − (1 · 2)2]s2 + 2C(1 · 2)µ1ν2kρ1kσ2 µνρσs
}
=
8s2
M4N
[
A cos2 ψ +B sin2 ψ + C cosψ sinψ
]
,
(35)
where in the second line ψ is now the angle between the unit vectors 1 and 2, defined with
sign such that the cross product of 1 and 2 points along the spatial direction of k1. Thus,
13Even though gluons in realistic scattering experiments would be confined into nonperturbative objects like
hadrons, it is still well-defined to consider the perturbative S-matrix for asymptotic states of gluons and analyze
its analytic structure. Indeed, the properties of gluon amplitudes are among the central objects of study in
the modern amplitudes program [96–101]. Our analyticity constraints therefore derive from considering such
an idealized thought experiment for gluon scattering.
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analyticity of gluon-gluon scattering requires the same bound in Eq. (34) as implied by causality.
Marginalizing over ψ, we have the requirements:14
A > 0, B > 0, and C2 < 4AB, (36)
which must be satisfied for all u1,2 for which fabcua1ub2 = 0. Note that if all the CP-conserving
terms vanish (so that A = B = 0), then the CP-violating terms are forced to vanish as well,
since all our Wilson coefficients are real; we will discuss this feature further in Sec. 5.3.
4.1.1 SU(3)
Let us determine the consequences of the bound in Eq. (36) for SU(3)C . For N = 3, we can
rewrite O7, O8, and O˜4 in Table 4 in terms of the other operators, resulting in the basis for OG4i ,
O˜G4i in Table 1. Moreover, for SU(3) the identities in Eqs. (17) and (20) imply that U2 = u21u22/3,
so we can redefine A,B,C as
A = 3cG
4
3 + 2c
G4
5 + 3(2c
G4
1 + c
G4
3 ) cos
2 ζ
B = 3cG
4
4 + 2c
G4
6 + 3(2c
G4
2 + c
G4
4 ) cos
2 ζ
C = 3c˜G
4
2 + 2c˜
G4
3 + 3(2c˜
G4
1 + c˜
G4
2 ) cos
2 ζ.
[for SU(3)] (37)
Since the bound in Eq. (36) is now linear in cos2 ζ, we obtain a basis of bounds by considering
the two cases of cos2 ζ = 0 or 1, so the independent bounds are
3cG
4
1 + 3c
G4
3 + c
G4
5 > 0
3cG
4
3 + 2c
G4
5 > 0
3cG
4
2 + 3c
G4
4 + c
G4
6 > 0
3cG
4
4 + 2c
G4
6 > 0
(3c˜G
4
1 + 3c˜
G4
2 + c˜
G4
3 )
2 < 4(3cG
4
1 + 3c
G4
3 + c
G4
5 )(3c
G4
2 + 3c
G4
4 + c
G4
6 )
(3c˜G
4
2 + 2c˜
G4
3 )
2 < 4(3cG
4
3 + 2c
G4
5 )(3c
G4
4 + 2c
G4
6 ).
[for SU(3)] (38)
4.1.2 SU(2)
For the case of SU(2)L, the basis and bounds simplify further. The d
abc coefficients all vanish
for SU(2), so we reduce to the basis of OW 4i , O˜W 4i in Table 1 and have U2 = 0. Moreover, since
14In particular, one obtains A > 0 by setting ψ = 0, B > 0 by setting ψ = pi/2, and C2 < 4AB by setting
ψ = ± arctan√A/B. One does not find the third bound on the CP-violating term by considering strictly
parallel or perpendicular polarizations alone; equivalently, it would not be obtained by considering positivity
bounds from fixed-helicity amplitudes, but only from superpositions thereof.
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the structure constants for SU(2) are simply IJK , the requirement in Eq. (24) implies that we
must have u1 = ±u2. Thus, we can now redefine A,B,C for SU(2) as
A = 4(cW
4
1 + c
W 4
3 )
B = 4(cW
4
2 + c
W 4
4 )
C = 4(c˜W
4
1 + c˜
W 4
2 ),
[for SU(2)] (39)
so the independent bounds become
cW
4
1 + c
W 4
3 > 0
cW
4
2 + c
W 4
4 > 0
(c˜W
4
1 + c˜
W 4
2 )
2 < 4(cW
4
1 + c
W 4
3 )(c
W 4
2 + c
W 4
4 ).
[for SU(2)] (40)
4.1.3 U(1)
For the U(1)Y case, all the color structure disappears, and we are left with only the three B4
operators in Table 1. We can write
A = 2cB
4
1
B = 2cB
4
2
C = 2c˜B
4
1 ,
[for U(1)] (41)
so the independent bounds become
cB
4
1 > 0
cB
4
2 > 0
(c˜B
4
1 )
2 < 4cB
4
1 c
B4
2 .
[for U(1)] (42)
The first two lines of Eq. (42) match the results derived in Ref. [34], and the third line can further
be obtained by demanding index of refraction greater than unity in the vacuum birefringence
calculation of Ref. [102]; see also Refs. [103, 104]. Discussion of experimental limits on the
photonic component of cB4i can be found in Ref. [105].
That the SU(2) and SU(3) results in Eq. (40) and Eq. (38) take the form of single and
pairwise copies of the U(1) bounds in Eq. (42) is not by accident. As commented above, it is
due to our insistence on imposing Eq. (24), which restricts us to the Cartan subalgebra in each
case. For SU(N) the Cartan subalgebra consists of N −1 copies of U(1), explaining this pattern
between the bounds.
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4.2 Field strength cross-quartics
Let us next bound the cross-quartic operators among the gauge field strengths appearing in
Table 1. For a Yang-Mills theory with gauge group SU(N) ⊗ SU(n) for N, n arbitrary with
respective gauge fields Aaµ and aAµ and field strengths F aµν and fAµν , let us again choose a back-
ground for Aaµ as in Eq. (26). The ansatz for the perturbation of the SU(n) gauge field, δaAµ ,
will be written as in Eq. (27), uA2 2µeik·x. We define the coordinate system for 1,2 and ∂µw as
in Sec. 4.1.
Writing the basis of cross-quartic operators analogously with those in Table 1 as
O1 = F aµνF aµνfAρσfAρσ
O2 = F aµνF˜ aµνfAρσf˜Aρσ
O3 = F aµνfAµνF aρσfAρσ
O4 = F aµν f˜AµνF˜ aρσfAρσ
O˜1 = F aµνF˜ aµνfAρσfAρσ
O˜2 = F aµνF aµνfAρσf˜Aρσ
O˜3 = F aµνfAµνF˜ aρσfAρσ,
(43)
with Wilson coefficients ci/M4, c˜i/M4, we find that the speed of propagation of the δaAµ fluctu-
ations is
v = 1− 4E
2
M4
(c3X
2 + c4Y
2 + c˜3XY ), (44)
for X, Y defined in Eq. (33). Similarly, the four-point amplitude becomes
AF 2f2(s) = 4s
2
M4
[
c3 cos
2 ψ + c4 sin
2 ψ + c˜3 cosψ sinψ
]
, (45)
so the bounds from analyticity and causality are identical and, marginalizing over ψ, can be
written simply as the requirements that c3 > 0, c4 > 0, and c˜23 < 4c3c4.
Applying this result to the operators in Table 1, we obtain the bounds on the SMEFT:
cB
2W 2
3 > 0
cB
2W 2
4 > 0
(c˜B
2W 2
3 )
2 < 4cB
2W 2
3 c
B2W 2
4
cB
2G2
3 > 0
cB
2G2
4 > 0 (46)
(c˜B
2G2
3 )
2 < 4cB
2G2
3 c
B2G2
4
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cW
2G2
3 > 0
cW
2G2
4 > 0
(c˜W
2G2
3 )
2 < 4cW
2G2
3 c
W 2G2
4 .
4.3 Higgs quartics
Let us now bound the dimension-eight operators quartic in the Higgs in Table 2. We will be
considering the change to the speed of Higgs propagation in nonzero Higgs backgrounds, as well
as Higgs four-point scattering. As we reviewed in Sec. 2, a positivity bound on the coefficient
of (∂φ)4 was proven for a real massless scalar φ in Ref. [34]; for the OH4i , however, the SU(2)
doublet nature of the SM Higgs field leads to more interesting structure in the bounds. Since
we are considering a completion scale M above the weak scale, we can approximate the Higgs
as effectively massless in our dispersion relation calculation.
Expanding the covariant derivatives and considering backgrounds with zero gauge field, the
OH4i operators become (∂H)4. Expanding in the φ1,2,3,4 defined in Eq. (21), we have
OH41 →
1
4
4∑
i=1
(∂φi)
4 +
1
2
[
(∂µφ1∂
µφ3)
2 + (∂µφ1∂
µφ4)
2 + (∂µφ2∂
µφ3)
2 + (∂µφ2∂
µφ4)
2
]
+
1
2
[
(∂φ1)
2(∂φ2)
2 + (∂φ3)
2(∂φ4)
2
]− ∂µφ1∂µφ4∂νφ2∂νφ3 + ∂µφ1∂µφ3∂νφ2∂νφ4
OH42 →
1
4
4∑
i=1
(∂φi)
4 +
1
2
[
(∂µφ1∂
µφ3)
2 + (∂µφ1∂
µφ4)
2 + (∂µφ2∂
µφ3)
2 + (∂µφ2∂
µφ4)
2
]
− 1
2
[
(∂φ1)
2(∂φ2)
2 + (∂φ3)
2(∂φ4)
2
]
+ (∂µφ1∂
µφ2)
2 + (∂µφ3∂
µφ4)
2 (47)
+ ∂µφ1∂
µφ4∂νφ2∂
νφ3 − ∂µφ1∂µφ3∂νφ2∂νφ4
OH43 →
1
4
4∑
i=1
(∂φi)
4 +
1
2
[
(∂φ1)
2(∂φ2)
2 + (∂φ1)
2(∂φ3)
2 + (∂φ2)
2(∂φ3)
2
]
+
1
2
[
(∂φ1)
2(∂φ4)
2 + (∂φ2)
2(∂φ4)
2 + (∂φ3)
2(∂φ4)
2
]
.
Let us now compute the effect of the operators in Eq. (47) on the speed of Higgs propagation.
In a background of nonzero φi for i ∈ {1, 2, 3, 4}, for perturbations δφi ∝ eik·x with wavelengths
much smaller than the characteristic scale of the background, φi can be expanded as a constant
vacuum expectation value plus a constant derivative ∂µφi = jµ. We choose this background to
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be smaller than the weak scale, so that it does not induce an effective Higgs mass via the Higgs
quartic or higher-dimension operators. We then find a speed of fluctuations equal to
v = 1− (cH41 + cH
4
2 + c
H4
3 )
(j · k)2
k20M
4
, (48)
so we must have cH41 + cH
4
2 + c
H4
3 > 0.
Similarly, if we take a background of φ1 or φ2, and consider perturbations in φ3 or φ4 (or
vice versa), we have
v = 1− (cH41 + cH
4
2 )
(j · k)2
2k20M
4
, (49)
so we must have cH41 + cH
4
2 > 0. Finally, if we take a background of φ1 (or φ3) and consider
perturbations in φ2 (or φ4, respectively), or vice versa, we obtain
v = 1− cH42
(j · k)2
k20M
4
, (50)
so we must have cH42 > 0.
We can arrive at these same bounds from analyticity of two-to-two Higgs scattering. Let
us compute an amplitude for particles I and II scattering to particles III and IV.15 For each of
particles I, II, III, IV, let us consider an arbitrary superposition of φi states:
|I〉 =
4∑
i=1
αi|φi〉 |III〉 =
4∑
i=1
γi|φi〉
|II〉 =
4∑
i=1
βi|φi〉 |IV〉 =
4∑
i=1
δi|φi〉,
(51)
where
∑
i |αi|2 =
∑
i |βi|2 =
∑
i |γi|2 =
∑
i |δi|2 = 1. To apply the optical theorem, we must
consider forward scattering, which means kI = −kIII and kII = −kIV in the all-incoming conven-
tion and αi = γ∗i and βi = δ∗i . Schematically, the s2 part of the forward amplitude coming from
the OH4i is then
AH4(s) =
∑
ijkl
Kijklαiβjα
∗
kβ
∗
l
s2
M4
, (52)
where Kijkl is a rank-four tensor, with each entry proportional to a sum of cH
4
1,2,3. Analogously
with polarizations, to ensure for simplicity that AH4(s) maps onto itself under crossing, we
15We use |I〉 |II〉 → |III〉 |IV〉 here, instead of our usual 12→ 34 notation, to avoid ambiguity with the four Higgs
fields, which we have already labeled 1234.
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choose αi and βi to be real. Analyticity and unitarity then require∑
ijkl
Kijklαiβjαkβl > 0 (53)
for all αi, βi. Numerical analysis shows that the analyticity and unitarity conditions in Eq. (53)
can be reduced to
cH
4
1 + c
H4
2 + c
H4
3 > 0
cH
4
1 + c
H4
2 > 0
cH
4
2 > 0
(54)
and that these conditions are unchanged even if we let αi and βi be complex (i.e., marginalize
over Kijklαiβjα∗kβ∗l ). These are precisely the same conditions we obtained from causality. The
first bound in Eq. (54) can be obtained from scattering φiφi → φiφi (all the same state) for
any i ∈ {1, 2, 3, 4}, in which case AH4 = (cH41 + cH42 + cH43 )s2/M4. The second bound can
be obtained from scattering φ1φ3 → φ1φ3, φ1φ4 → φ1φ4, φ2φ3 → φ2φ3, or φ2φ4 → φ2φ4, in
which case AH4 = (cH41 + cH42 )s2/2M4. Finally, the third bound can be obtained from scattering
φ1φ2 → φ1φ2 or φ3φ4 → φ3φ4, in which case AH4 = cH42 s2/M4.
4.4 Higgs/field strength cross-quartics
Let us now bound the coefficients of operators in Table 2 that give cross-quartic couplings
between the Higgs and gauge bosons. Since we will be considering the speed of fluctuations and
scattering amplitudes for bosons of definite type (i.e., H, B, W , or G), we will be bounding
operators of the type OH2F 2i , for F = B,W,G.
Within a Higgs background ∂µφi as described in Sec. 4.3, a B, W , or G boson’s speed of
propagation is corrected by the operators in Table 2 to
v = 1− cH2B21
(j · k)2
2k20M
4
v = 1− cH2W 21
(j · k)2
2k20M
4
or v = 1− cH2G21
(j · k)2
2k20M
4
,
(55)
respectively. If we instead have a gauge field background of B, W , or G as defined in Sec. 4.1
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and compute the speed of propagation for a perturbation of the Higgs field, we have
v = 1− E
2
2M4
cH
2B2
1 (X
2 + Y 2)
v = 1− E
2
2M4
cH
2W 2
1 (X
2 + Y 2)
or v = 1− E
2
2M4
cH
2G2
1 (X
2 + Y 2),
(56)
respectively. Thus, causality requires16
cH
2B2
1 > 0
cH
2W 2
1 > 0
cH
2G2
1 > 0.
(57)
We can check that analyticity of scattering amplitudes gives the same bounds. Scattering
HB → HB in the forward limit, we have, at O(s2),
A(s)H2B2 = cH2B21
s2
2M4
. (58)
As in Sec. 4.3, we can ignore any SM contribution to this process, since the contour integral
discussed in Sec. 2 will extract the s2 term in the forward amplitude. Similarly for forward
HW → HW and HG→ HG scattering, we obtain, at O(s2),
A(s)H2W 2 = cH2W 21
s2
2M4
A(s)H2G2 = cH2G21
s2
2M4
.
(59)
Thus, analyticity implies the same bounds as causality for Higgs/field strength cross-quartics,
given in Eq. (57).
5 UV Completions
It is instructive to check whether the EFT coefficients in example theories satisfy the positivity
bounds we derived in Sec. 4. We should expect the EFT coefficients arising from any well defined
field theoretic completion to automatically obey these bounds. By verifying that the inequalities
16We note that in the mostly-minus metric convention, the opposite of what we use in this work, these bounds all
become cH
2F 2
1 < 0. This sign change in the bound arises as the associated operators involve an odd number of
Lorentz contractions and therefore also change signs between signatures. These are the only bounds presented
in this work that vary with signature convention.
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are manifestly satisfied for a large class of completions, we thus perform a nontrivial consistency
check of our calculation.
In all of the examples considered in this section, we will analyze the operator coefficients
generated at the scale where the new physics is integrated out. This qualifier is important: at
lower energy scales, the coefficients will generically run and mix under renormalization-group
evolution. While the form of our bounds is independent of these details, if one wanted to convert
the operator coefficients appearing in our bounds at a given scale into either the parameters of
the UV theory, or the parameters of the EFT at the matching scale, these complications must
be accounted for. For the analysis in this section, we could require that the UV theory is
sufficiently weakly coupled that, at the scale we imagine performing our scattering experiments,
the matching coefficients remain the only relevant contributions to the dimension-8 operators.
5.1 One-loop completions of gauge field operators
Let us consider introducing some extra massive field Φ, with mass M , charged under the SM
gauge group.17 We will let Φ be a complex scalar, Dirac fermion, or complex vector field, in an
arbitrary irreducible representation of SU(3)C⊗SU(2)L⊗U(1)Y . Let us write the representation
under SU(3)C as R3, the representation under SU(2)L as R2, and the charge under U(1)Y as Q.
Integrating out Φ at one loop generates quartic terms among the gauge field strengths of the
form given in Table 1, specifically, the CP-conserving operators. The corresponding Feynman
diagram is shown in Fig. 4, where in the EFT below M , the loop is replaced by an effective
four-point vertex, giving rise to the higher-dimension operators we consider. In Ref. [109], the
Wilson coefficients for these generalized Euler-Heisenberg terms in the EFT were computed. To
translate from the basis of operators in Ref. [109] to that in Table 1, the following identities are
useful: for SU(3),
fabef cdeGaµνG
cµνGbρσG
dρσ =
1
2
OG41 −OG
4
3 +
3
2
OG45
fabef cdeGaµνG˜
cµνGbρσG˜
dρσ =
1
2
OG42 −OG
4
4 +
3
2
OG46 ,
(60)
and for SU(2),
IJMKLMW IµνW
KµνW JρσW
Lρσ = OW 41 −OW
4
3
IJMKLMW IµνW˜
KµνW JρσW˜
Lρσ = OW 42 −OW
4
4 .
(61)
17For example, the well known Euler-Heisenberg coefficients for U(1) electrodynamics, cB
4
1,2, are both positive when
the electron is integrated out [106–108], satisfying the positivity bounds of Ref. [34]; we wish to substantially
generalize this check.
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B/W/G
B/W/G B/W/G
B/W/G
Φ
Figure 4: One-loop diagram involving a heavy state Φ, which when integrated out will generate
a set of CP-even F 4 operators, the coefficients of which must obey our bounds. Here Φ can be
a complex scalar, Dirac fermion, or complex vector field.
We can specify the irreducible representations of SU(2) and SU(3) as R2 = (r) and R3 =
(p, q), labeled by their Dynkin indices.18 Let us define the quadratic invariants for the represen-
tations,
I2(r) =
1
12
r(r + 1)(r + 2)
I2(p, q) =
1
48
(p+ 1)(q + 1)(p+ q + 2)[p(p+ 3) + q(q + 3) + pq],
(62)
the cubic anomaly invariant [111], which vanishes for SU(2),
I3(p, q) =
1
120
(p+ 1)(q + 1)(p+ q + 2)(p− q)(p+ 2q + 3)(q + 2p+ 3), (63)
and the Λ constants
Λ(r) =
1
720
r(r + 1)(r + 2)(3r2 + 6r − 4)
Λ(p, q) =
1
480
(p+ 1)(q + 1)(p+ q + 2)[p(p+ 3) + q(q + 3) + pq]×
×
{
1
3
[p(p+ 3) + q(q + 3) + pq]− 1
2
}
.
(64)
In terms of these quantities, the ci as computed for this class of completions are given in Table 5.
For detailed definitions of these group theoretic quantities, see App. A.
18The number of states in the SU(2) multiplet is r+1. For the SU(3) multiplet, there are (p+1)(q+1)(p+q+2)/2
particles in the representation, and one can think of the (p, q) of SU(3) as the number of quarks and antiquarks,
respectively, in the representation, corresponding to a Young tableau with p columns of one box and q columns
of two boxes (or, equivalently, to the number of steps across the top and bottom, respectively, of the multiplet
diagram) [110].
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scalar fermion vector
cB
4
1
7
32
g41Q
4 1
2
g41Q
4 261
32
g41Q
4
cB
4
2
1
32
g41Q
4 7
8
g41Q
4 243
32
g41Q
4
cW
4
1 g
4
2
[
7
32
Λ(R2) +
1
48
I2(R2)
]
g42
[
1
2
Λ(R2) +
1
48
I2(R2)
]
g42
[
261
32
Λ(R2)− 316I2(R2)
]
cW
4
2 g
4
2
[
1
32
Λ(R2) +
1
336
I2(R2)
]
g42
[
7
8
Λ(R2) +
19
336
I2(R2)
]
g42
[
243
32
Λ(R2)− 27112I2(R2)
]
cW
4
3 g
4
2
[
7
16
Λ(R2)− 148I2(R2)
]
g42
[
Λ(R2)− 148I2(R2)
]
g42
[
261
16
Λ(R2) +
3
16
I2(R2)
]
cW
4
4 g
4
2
[
1
16
Λ(R2)− 1336I2(R2)
]
g42
[
7
4
Λ(R2)− 19336I2(R2)
]
g42
[
243
16
Λ(R2) +
27
112
I2(R2)
]
cG
4
1 g
4
3
[
7
32
Λ(R3) +
1
96
I2(R3)
]
g43
[
1
2
Λ(R3) +
1
96
I2(R3)
]
g43
[
261
32
Λ(R3)− 332I2(R3)
]
cG
4
2 g
4
3
[
1
32
Λ(R3) +
1
672
I2(R3)
]
g43
[
7
8
Λ(R3) +
19
672
I2(R3)
]
g43
[
243
32
Λ(R3)− 27224I2(R3)
]
cG
4
3 g
4
3
[
7
16
Λ(R3)− 148I2(R3)
]
g43
[
Λ(R3)− 148I2(R3)
]
g43
[
261
16
Λ(R3) +
3
16
I2(R3)
]
cG
4
4 g
4
3
[
1
16
Λ(R3)− 1336I2(R3)
]
g43
[
7
4
Λ(R3)− 19336I2(R3)
]
g43
[
243
16
Λ(R3) +
27
112
I2(R3)
]
cG
4
5
1
32
g43I2(R3)
1
32
g43I2(R3) − 932g43I2(R3)
cG
4
6
1
224
g43I2(R3)
19
224
g43I2(R3) − 81224g43I2(R3)
cB
2W 2
1
7
16
g21g
2
2Q
2I2(R2) g
2
1g
2
2Q
2I2(R2)
261
16
g21g
2
2Q
2I2(R2)
cB
2W 2
2
1
16
g21g
2
2Q
2I2(R2)
7
4
g21g
2
2Q
2I2(R2)
243
16
g21g
2
2Q
2I2(R2)
cB
2W 2
3
7
8
g21g
2
2Q
2I2(R2) 2g
2
1g
2
2Q
2I2(R2)
261
8
g21g
2
2Q
2I2(R2)
cB
2W 2
4
1
8
g21g
2
2Q
2I2(R2)
7
2
g21g
2
2Q
2I2(R2)
243
8
g21g
2
2Q
2I2(R2)
cB
2G2
1
7
16
g21g
2
3Q
2I2(R3) g
2
1g
2
3Q
2I2(R3)
261
16
g21g
2
3Q
2I2(R3)
cB
2G2
2
1
16
g21g
2
3Q
2I2(R3)
7
4
g21g
2
3Q
2I2(R3)
243
16
g21g
2
3Q
2I2(R3)
cB
2G2
3
7
8
g21g
2
3Q
2I2(R3) 2g
2
1g
2
3Q
2I2(R3)
261
8
g21g
2
3Q
2I2(R3)
cB
2G2
4
1
8
g21g
2
3Q
2I2(R3)
7
2
g21g
2
3Q
2I2(R3)
243
8
g21g
2
3Q
2I2(R3)
cW
2G2
1
7
16
g22g
2
3I2(R2)I2(R3) g
2
2g
2
3I2(R2)I2(R3)
261
16
g22g
2
3I2(R2)I2(R3)
cW
2G2
2
1
16
g22g
2
3I2(R2)I2(R3)
7
4
g22g
2
3I2(R2)I2(R3)
243
16
g22g
2
3I2(R2)I2(R3)
cW
2G2
3
7
8
g22g
2
3I2(R2)I2(R3) 2g
2
2g
2
3I2(R2)I2(R3)
261
8
g22g
2
3I2(R2)I2(R3)
cW
2G2
4
1
8
g22g
2
3I2(R2)I2(R3)
7
2
g22g
2
3I2(R2)I2(R3)
243
8
g22g
2
3I2(R2)I2(R3)
cBG
3
1
7
32
g1g
3
3QI3(R3)
1
2
g1g
3
3QI3(R3)
261
32
g1g
3
3QI3(R3)
cBG
3
2
1
32
g1g
3
3QI3(R3)
7
8
g1g
3
3QI3(R3)
243
32
g1g
3
3QI3(R3)
Table 5: Wilson coefficients, from Ref. [109], for the generalized Euler-Heisenberg operators in
Table 1 generated by integrating out a massive complex scalar, Dirac fermion, or complex vector
charged under the SM gauge group as described in text. All ci have been multiplied by 6!pi2,
and all ci not given in this table vanish at one loop for these completions.
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The relevant positivity bounds from Sec. 4, which we repeat here for convenience, are
cB
4
1 > 0 3c
G4
4 + 2c
G4
6 > 0
cB
4
2 > 0 c
B2W 2
3 > 0
cW
4
1 + c
W 4
3 > 0 c
B2W 2
4 > 0
cW
4
2 + c
W 4
4 > 0 c
B2G2
3 > 0
3cG
4
1 + 3c
G4
3 + c
G4
5 > 0 c
B2G2
4 > 0
3cG
4
3 + 2c
G4
5 > 0 c
W 2G2
3 > 0
3cG
4
2 + 3c
G4
4 + c
G4
6 > 0 c
W 2G2
4 > 0.
(65)
Plugging the ci from Table 5 for the scalar, fermion, and vector cases into Eq. (65), we find that
the left-hand sides of the inequalities each become a positive numerical coefficient times one of
the following:
g41Q
4, g42Λ(R2), g
4
3Λ(R3), g
2
1g
2
2Q
2I2(R2), g
2
1g
2
3Q
2I2(R3), or g22g
2
3I2(R2)I2(R3). (66)
Since I2(R2), I2(R3), Λ(R2), and Λ(R3) are all nonnegative per Eqs. (62) and (64), our bounds
are satisfied by this class of completions.
5.2 Born-Infeld
Another well-motivated extension of the quartic gauge field operators in Table 1 is the Born-
Infeld (BI) action, in which field strengths have an upper limit. Originally formulated in the
context of nonlinear Maxwell theory [112], the BI action appears in string theory models in which
the gauge fields are coupled to brane-localized matter (see Refs. [113, 114] and refs. therein).
The BI action moreover yields amplitudes with structures connected to the gauge/gravity double
copy [100,115] and possessing special soft limits [116].
If the SM gauge group is extended to a BI model with universal BI parameter M2, then the
action is [117]
L = M4
[
1−
√
1 +
1
2M4
FAµνF
Aµν − 1
16M8
(FAµνF˜
Aµν)2
]
, (67)
where A runs over all twelve generators of SU(3) ⊗ SU(2) ⊗ U(1), i.e., FAµν = (Bµν ,W Iµν , Gaµν).
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Expanding for small field values, we have the EFT up to dimension-eight operators:
L =− 1
4
BµνB
µν − 1
4
W IµνW
Iµν − 1
4
GaµνG
aµν
+
1
32M4
(
OB41 +OB
4
2 +OW
4
1 +OW
4
2 +OG
4
1 +OG
4
2
)
+
1
16M4
(
OB2W 21 +OB
2W 2
2 +OB
2G2
1 +OB
2G2
2 +OW
2G2
1 +OW
2G2
2
)
.
(68)
Reading off the ci, we see that the bounds in Eq. (65) are manifestly satisfied.
We could also consider a different BI action, with different BI parameters M2i ,
L = M41
[
1−
√
1 +
1
2M41
BµνBµν − 1
16M81
(
BµνB˜µν
)2]
+M42
[
1−
√
1 +
1
2M42
W IµνW
Iµν − 1
16M82
(
W IµνW˜
Iµν
)2]
+M43
[
1−
√
1 +
1
2M43
GaµνG
aµν − 1
16M83
(
GaµνG˜
aµν
)2]
,
(69)
for which the EFT becomes
L =− 1
4
BµνB
µν − 1
4
W IµνW
Iµν − 1
4
GaµνG
aµν
+
1
32M41
OB41 +
1
32M41
OB42 +
1
32M42
OW 41 +
1
32M42
OW 42 +
1
32M43
OG41 +
1
32M43
OG42 ,
(70)
which also clearly satisfies the bounds in Eq. (65).
5.3 CP-violating terms and completing the square
A striking feature of the bounds derived in Sec. 4 is that they come in two distinct forms, either
c > 0, for some CP-even term with coefficient c, or c˜2 < 4c1c2, where c˜ is the coefficient of a
CP-odd term and c1,2 are the positive coefficients of CP-even terms. In other words, the bounds
take the form of a cone, c˜2 + c2− < c2+ for c+ > 0, where c± = c1± c2. That is, the overall size of
CP-odd terms tends to be upper-bounded by the size of CP-even terms appearing in the action;
see Fig. 5.
Let us restrict our attention to the OB4i terms containing four U(1) field strengths. The
bounds in Eq. (42), cB41,2 > 0 and (c˜B
4
1 )
2 < 4cB
4
1 c
B4
2 , imply that it is possible to rewrite the
Lagrangian corrections
∆L = 1
M4
[
cB
4
1 (BµνB
µν)2 + cB
4
2 (BµνB˜
µν)2 + c˜B
4
1 BµνB
µνBρσB˜
ρσ
]
(71)
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Figure 5: General form of the bounds derived in Sec. 4. CP-conserving terms (or linear com-
binations thereof) have coefficients c1 and c2 bounded to be positive, while the corresponding
CP-breaking term has coefficient c˜ satisfying c˜2 < 4c1c2.
as a sum of perfect squares,
∆L = α
2
2M4
[
(BµνB
µν + βBµνB˜
µν)2 + γ2(BµνB
µν − βBµνB˜µν)2
]
, (72)
where α, β, γ are real constants chosen such that α2(1 + γ2) = 2cB41 , α2β2(1 + γ2) = 2cB
4
2 , and
α2β(1− γ2) = c˜B41 , so (c˜B41 )2/4cB41 cB42 = [(1− γ2)/(1 + γ2)]2 and Eq. (42) guarantees that such
a choice of α, β, γ ∈ R exists.
The sum-of-squares form of the action in Eq. (72) suggests how it can be generated at tree
level through mass mixing of a massive dilaton and axion,19 coupling a CP-even scalar φ and
CP-odd scalar φ˜ to BµνBµν and BµνB˜µν , respectively:20
L ⊃ −M
2
2
(φ+ φ˜)2 − M
2
2γ2
(φ− φ˜)2 + 2α
M
φBµνB
µν +
2αβ
M
φ˜BµνB˜
µν , (73)
19Such a model may be motivated by string theory, where the universal axion and dilaton can be treated as real
and imaginary parts of a complex modular parameter [118–120], though difficulties remain in engineering mass
splitting [121].
20As this Lagrangian involves dimension-five operators, it is not a complete UV theory. However, it is still a UV
extension of the theory written in terms of dimension-eight operators, in that its amplitudes will grow more
slowly with momentum and its cutoff will be higher if the theory is weakly coupled; focusing on the α coefficient,
the cutoff of the original EFT in Eq. (72) is at ∼ M/√α, while that of the theory in Eq. (73) is at ∼ M/α.
The latter action can be itself completed in any of the ways theories of axions and dilatons traditionally are
without impacting the arguments in this section. A similar comment applies for the completions considered in
Sec. 5.4.
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Figure 6: Tree-level interaction between four U(1)Y gauge bosons, mediated by a CP-even scalar
φ, a CP-odd scalar φ˜, and their mixing. When these states are integrated out, CP even and odd
B4 operators are generated, and their coefficients satisfy our bound on the CP-odd coefficient
given in Eq. (42), in detail (c˜B41 )2 < 4cB
4
1 c
B4
2 .
where φ+ φ˜ and φ− φ˜ are the mass eigenstates, with masses M and M/|γ|, respectively. (When
γ = 1 the two masses are degenerate, the mass mixing between φ and φ˜ vanishes, and the CP-
odd coefficient c˜B41 = 0.) Integrating out φ and φ˜, effectively replacing the diagram in Fig. 6 by a
quartic B vertex, we obtain the interactions in Eq. (72). Indeed, any scalar tree-level completion
of OB41,2 and O˜B41 will manifestly obey the bounds in Eq. (42): cB41,2 will both be positive when
integrating out a nontachyonic state coupled at tree level to BµνBµν and BµνB˜µν , respectively,
while c˜B41 can be generated by a scalar at tree level only through a state that breaks CP by
simultaneously coupling to BµνBµν and BµνB˜µν , generating O˜B
4
1 through the cross term but
also generating OB41,2. Beyond the example completion in Eq. (73), it would be interesting to
understand, from a UV perspective and for more general completions, why CP-violating terms
in the EFT are constrained to always come in the form of sums of perfect squares with CP-even
terms. For example, a similar pattern of bounds was found from causality for CP-even and -odd
quartic Riemann operators in Ref. [122]. We leave such investigations to future work.
5.4 Tree-level completions of (DH)4 operators
Finally, let us consider the three (DH)4 operators OH41,2,3 given in Table 2,
OH41 = (DµH†DνH)(DνH†DµH)
OH42 = (DµH†DνH)(DµH†DνH)
OH43 = (DµH†DµH)(DνH†DνH).
(74)
We will construct a few representative completions of these operators via the tree-level exchange
of massive states, as depicted in Fig. 7, and verify that they obey the three bounds derived in
Eq. (54), cH42 > 0, cH
4
1 + c
H4
2 > 0, and cH
4
1 + c
H4
2 + c
H4
3 > 0.
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Figure 7: Tree-level completion of a (DH)4 operator, where X is a heavy field transforming
under a specific representation of SU(2)L. In the text, we consider a number of examples for
X and show in all cases that, when it is integrated out, the coefficients of the (DH)4 operators
generated always satisfy our bounds.
First, the simplest example tree completion of a (DH)4 operator is a massive real scalar φ
transforming as a singlet under SU(2), with UV action
L ⊃ −DµH†DµH − 1
2
(∂φ)2 − 1
2
m2φ2 +
α
M
φ(DµH†DµH), (75)
where α is an arbitrary real coupling. Integrating out φ generates the Wilson coefficients
(cH
4
1 , c
H4
2 , c
H4
3 ) =
α2
2m2M2
(0, 0, 1). [singlet scalar] (76)
Second, let us consider completion via a massive state piI that transforms as an SU(2) triplet:
L ⊃ −DµH†DµH − 1
2
∂µpiI∂µpi
I − 1
2
m2piIpiI +
α
M
piI(DµH†τ IDµH). (77)
Using the Pauli matrix completeness relation,
(σI) ji (σ
I) lk = 2δ
l
iδ
j
k − δji δlk, (78)
one finds that at low energies piI generates the coefficients
(cH
4
1 , c
H4
2 , c
H4
3 ) =
α2
8m2M2
(2, 0,−1). [triplet scalar] (79)
Third, let us consider a complex bifundamental scalar ρij transforming as a 2⊗ 2 of SU(2).
In analogy with H and H† in Eqs. (21) and (22), we can write out ρij and ρ†ij in terms of real
fields σ1,...,8,21
ρij =
1√
2
(
σ1 + iσ2 σ3 + iσ4
σ5 + iσ6 σ7 + iσ8
)
and ρ†ij =
1√
2
(
σ7 − iσ8 −σ5 + iσ6
−σ3 + iσ4 σ1 − iσ2
)
, (80)
21As in footnote 10, we again use the SU(2) notation conventions of Ref. [87], where each lowered index of ρ†ij is
treated as a 2 rather than a 2¯.
35
cH
4
1
cH
4
2
cH
4
3
 
 µ⌫⇡
I
⇢ij
Figure 8: Bounds on the three (DH)4 operator coefficients from Eq. (54): cH42 > 0 (blue),
cH
4
1 + c
H4
2 > 0 (yellow), and cH
4
1 + c
H4
2 + c
H4
3 > 0 (green). Gray arrows indicate the vectors of
Wilson coefficients generated in example tree-level completions, all lying in the interior or on the
boundary of the allowed space, with various massive states coupling to (DH)2: a scalar singlet
φ, scalar triplet piI , bifundamental scalar ρij, and symmetric spin-two field χµν . The forbidden
region is shaded in gray.
and define ρij = ikjlρkl and ρ†ij = ikjlρ†kl. Let us then consider the action
L ⊃ −DµH†DµH − ∂µρ†ij∂µρij −m2ρ†ijρij +
1
M
(αDµH†i ρ
ijDµH
†
j + α
∗DµH iρ†ijDµH
j). (81)
Since ρ†ijρij = +
1
2
∑8
n=1 σ
2
n, the action contains no ghosts or tachyons. Here, α is an arbi-
trary complex unitless coupling, and one van verify that the interaction term is self-hermitian.
Integrating out ρij, we obtain the EFT coefficients
(cH
4
1 , c
H4
2 , c
H4
3 ) =
|α|2
m2M2
(0, 1, 0). [bifundamental scalar] (82)
A final well-motivated example completion is a massive symmetric spin-two state χµν , cou-
pled to the Higgs stress tensor Tµν akin to a massive graviton (as would naturally occur in, e.g.,
a Kaluza-Klein model):
L ⊃ −DµH†DµH + LFP + α
M
χµνTµν , (83)
where LFP is the Fierz-Pauli action [123], α is real, and we can take Tµν = DµH†DνH +
DνH
†DµH − gµν(DρH†DρH), neglecting Higgs mass and potential terms as we are interested
in specifically generating OH41,2,3 enumerated above. Integrating out χµν , we obtain the EFT
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operators with coefficients
(cH
4
1 , c
H4
2 , c
H4
3 ) =
α2
3m2M2
(3, 3,−2). [symmetric tensor] (84)
The bounds in Eq. (54) delineate a the triangular cone defining the allowed space of cH41,2,3;
see Fig. 8. We find, as required, that the sets of Wilson coefficients explored in the examples in
Eqs. (76), (79), (82), and (84) correspond to vectors lying either on the edge of or interior to
this cone.
6 Phenomenological Consequences
Searching for deviations from the SM is one of the driving forces for all of particle physics. The
bounds derived in this work demarcate the space of experimentally accessible deviations into
those that can be associated with well-defined UV completions and those that cannot. Accord-
ingly, the bounds represent significantly constraining theoretical priors on the SMEFT parameter
space, which would be particularly appropriate in the context of global analyses [124,125]. Con-
versely, any conclusively-measured experimental violation of our bounds would have powerful
implications for fundamental assumptions about physics, falsifying low-energy causality/locality,
Lorentz invariance, and, by extension, both low-energy quantum field theory and perturbative
string theory [74]. Performing such a direct test of our bounds is a challenging endeavor. Not
only does it require a discovery of new physics generated by the SMEFT, for many of our
bounds a definitive determination of the sign as well as the magnitude is required.22 In spite
of the challenges, the possibility to test the fundamental pillars of modern physics represents a
unique motivation for experiments sensitive to the operators we bound.
The full reach of experimental effects associated with the operators considered in this work is
vast. Given this scope, in this section we will restrict ourselves to a brief exploration of searches
where our bounds have immediate application. One example of such a search is the measurement
of aQGCs at the LHC. Such searches are expected to represent a viable discovery channel for
several of the operators we have considered, making our bounds immediately relevant. Beyond
aQGCs, we also outline how our bounds are likely to have consequences for additional collider
searches, as well as other precision probes such as neutron EDM measurements.
As demonstrated in Sec. 5, a generic UV completion will satisfy our bounds. For this reason,
we do not see our results as immediate probes of the viable BSM model building space. To take
22Extracting the sign of the operator requires an observable linear in the operator coefficient. Some observables,
such as EDMs, are automatically linear in the coefficient, but for others extracting the sign will require
interference with an associated SM contribution.
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an example, a theory where dark matter is made up of bound states of color octet fermions [126]
will automatically satisfy our bounds, as shown in Sec. 5.1. Instead, our bounds are most
applicable in the context of the SMEFT, which will be the focus of this section.
Before presenting explicit examples, we mention a caveat that must be kept in mind whenever
constraints on the SMEFT are being considered. Whenever a limit on the scale M of higher-
dimension operators is quoted, one must ensure that the limit was derived within the regime
of validity for the EFT. In particular, if the measurement was performed at an invariant mass
scale
√
s, then unless
√
s < M , the EFT limit was derived in a region where the theory violated
perturbative unitarity, and can no longer be trusted. This point is often relevant for SMEFT
constraints at the LHC—for a few examples see Refs. [127–131]—but must always be considered
when EFT constraints are discussed.
6.1 Anomalous quartic gauge-boson couplings
Through a subset of the operators we have considered, BSM physics can induce anomalous
corrections to the tree-level SM quartic gauge-boson couplingsWWWW ,WWZZ,WWγγ, and
WWZγ or even induce vertices not observed in the SM at tree level such as ZZZZ. The set of
all such processes are collectively referred to as aQGCs.23 Importantly, the LHC can probe these
vertices and, accordingly, the corrections that dimension-eight operators induce. For example,
the WWWW and WWZZ vertices can be probed using channels such as qq → qqWW and
qq → qqZZ. This is illustrated in Fig. 9 for an example Feynman diagram contributing to these
processes, where dimension-eight operators can provide corrections to the highlighted four-point
vertex.
As pointed out in Ref. [76], aQGC searches represent a powerful channel for probing a number
of dimension-eight SMEFT operators. Naively, one may worry that any effects will be swamped
by the contribution from the dimension-six bosonic operators shown in Table 3, which, when
squared, will also contribute to aQGCs. Yet a subset of these dimension-six operators also
induce anomalous triple gauge-boson couplings, on which the LHC has significantly extended
the constraints from LEP [133] (see also Ref. [134]), potentially leaving room for aQGCs from
dimension-eight operators. Deviations from the SM in these channels have been searched for at
both ATLAS [27–29] and CMS [30–32]; for more detail see Refs. [75, 135, 136]. At the moment
no anomalies have been observed, and assuming O(1) couplings, these searches are currently
23Additional quartic gauge couplings that are not always considered within the aQGC framework can also be
probed at the LHC. For example, constraints on dimension-eight operators associated with γγ → γγ and
gg → γγ have been considered in the literature [117,132], although we will not discuss them further.
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Figure 9: Example Feynman diagram for the contribution of aQGCs to the qq → qqWW or
qq → qqZZ channel.
probing new physics scales from the hundreds of GeV to TeV range. Importantly, however, if a
deviation from the SM were to emerge in these channels, it could represent a sign of new physics
first appearing through dimension-eight operators.
In addition to pointing out the importance of aQGCs for dimension-eight operators, Ref. [76]
also introduced the commonly-used set of operators for these effects. This list, which has
since received several corrections (see, for example, Ref. [136] for details), contains 18 CP-even
operators, all of which are related to operators we considered above. Conventionally, the 18 are
divided into three types of operators:
1. 3 scalar or S-type operators of the form (DH)4,
2. 7 mixed or M-type operators, schematically (DH)2F 2, and
3. 8 tensor or T-type operators, such as F 4.
As aQGCs exclude gluonic vertices, in the above F can be B or W . A complete mapping
between this notation and the basis of operators used in the present work is possible and will be
provided below. We note in passing that our basis for such processes includes three additional
independent operators that are missing from the standard aQGC list. In detail, while we also
have three operators of the form (DH)4, as shown in Table 2 we have 8 M-type operators such
as (DH)2B2, (DH)2W 2, or (DH)2(BW ), and we have 10 T-type operators as can be seen in
Table 1. One can show that all the operators in our basis are indeed independent [86], so the
aQGC operator basis commonly used in the literature is incomplete. A complete basis is crucial,
since an incomplete operator basis could in principle lead to conflation and/or overlooking of
distinct signals of new physics.
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Before converting our bounds into the conventional aQGC language, let us comment on the
related work in Refs. [65, 66], which also considered the question of positivity constraints on
these operators. Those works determined the restrictions associated with the forward limit of
all possible 2 → 2 electroweak boson scatterings, such as γγ → γγ or γW± → γW±. This
can be contrasted with the approach we have taken in this work, where we have restricted
our attention to the scattering of bosons in the limit of unbroken electroweak symmetry; this
choice is natural for theories with completions above the electroweak scale, and we accordingly
organized our SMEFT operators in the unbroken basis using B andW I . In Ref. [65], the authors
considered 18 aQGC operators, with the results in their Table 1 stated using a one-at-a-time
approach, where limits are derived on a single operator assuming all others vanish. The work of
Ref. [65] also considered the more general case where multiple operators at a time are allowed to
be nonzero, the results of which were then expanded upon significantly in Ref. [66]. Given the
different starting points used to derive our bounds, as contrasted to those in Ref. [65], instead
of comparing each of our full expressions, we will consider just results restricted to a single
operator and show that our bounds are generally in agreement.
We caution that the one-at-a-time approach can lead to results that must be interpreted
carefully. Indeed, unlike our bounds, which we exhaustively verified in Sec. 5 to be consistent
with a large suite of UV completions, bounds derived in a one-at-a-time approach will generically
be violated by these checks. We will provide several explicit examples of this below. The
loophole is that the bounds are always violated in a context where at least one additional
operator is also generated, implying a contradiction with the basic one-at-a-time assumption.
This highlights that one-at-a-time bounds are not generic conditions that must be satisfied by
any UV completion, but rather conditions that can only possibly apply to particular high-scale
theories that, when the UV degrees of freedom are integrated out, generate very simple IR
EFTs. As we saw in Sec. 5, such completions are highly nongeneric. Even for those theories
where this assumption is satisfied, however, below the matching scale renormalization-group
evolution will also generically induce operator mixing, and therefore, at the relevant experimental
scale, invalidate the single-operator assumption. For such reasons, one-at-a-time results must
be interpreted carefully, and often have a narrow range of applicability.
Such theoretical considerations do not immediately address the practical consideration un-
derlying the one-at-a-time approach: it is not straightforward to determine, and then present in
a useful manner, limits on the 18-dimensional space spanned by the aQGC operators. Funda-
mentally, it is a challenge to find enough observables with sufficient statistics to disentangle the
various operators. Motivated by this concern, experimental limits are almost exclusively quoted
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on single operators, although there have also been efforts to extend this to two operators; see
for example Ref. [32]. In spite of this, theoretical consistency only requires that the complete
basis of appropriate operators be considered when deriving the bounds; as we have seen many
times above, individual bounds themselves usually only apply to a significantly smaller subset
of operators. The same will be true when our bounds are converted to the space of aQGC
operators. We will find many examples of bounds that apply to a single operators, or to small
numbers of operators, and, unlike for one-at-a-time results, our bounds apply to all possible UV
completions.
With the above considerations in mind, let us return to converting our operators and bounds
into the conventional notation of aQGCs, considering the S-type, M-type, and T-type operators
in turn. To begin with, the three S-type operators in the notation of Refs. [65, 66, 136] map
directly onto our (DH)4 operators given in Table 2 as follows:
OS,0 = OH42 , OS,1 = OH
4
3 , and OS,2 = OH
4
1 . (85)
Using this mapping, our constraints on these operators given in Eq. (54) become
cS,0 + cS,1 + cS,2 > 0
cS,0 + cS,2 > 0
cS,0 > 0.
(86)
These results can be contrasted with the one-at-a-time bounds derived in Table 1 of Ref. [65],
which required that each of these coefficients be individually positive. Looking back at the
results in Sec. 5.4, we can see that two of the four example completions discussed in that section
have one of these coefficients negative. These same two completions also generate multiple
operators, so these provide examples of the inconsistency associated with interpreting operator
bounds on a one-at-a-time basis.
Turning to the M-type operators, our bounds impact three of the seven operators in the
commonly-used partial aQGC basis. Those operators, in the notation of Refs. [65, 66, 136], can
be converted to our basis in Table 2 using
OM,0 = −g
2
2
2
OH2W 22
OM,1 = g
2
2
2
OH2W 21
OM,2 = −g
2
1
4
OH2B22
OM,3 = g
2
1
4
OH2B21 (87)
41
OM,4 = −g1g2
2
OH2BW1
OM,5 = g1g2
4
(iOH2BW2 −OH
2BW
3 )
OM,7 = g
2
2
4
(2OH2W 23 −OH
2W 2
1 ),
where g1,2 are the U(1)Y and SU(2)L couplings, respectively. Accordingly, our two relevant
bounds in Eq. (57) convert to a requirement that
2cM,1 − cM,7 > 0
cM,3 > 0.
(88)
Recall that the overall sign of these operators, and hence the bounds, varies between metric
conventions. After accounting for the fact we use the mostly-plus convention in this work, these
bounds are also consistent with those in Ref. [65].
Finally, for the T-type operators, we will make use of the following conversion from the
notation of Refs. [65,66,136] to a subset of the operators in our basis, as listed in Table 1:
OT,0 = g
4
2
4
OW 41
OT,1 = g
4
2
4
OW 43
OT,2 = g
4
2
16
(OW 41 +OW
4
3 +OW
4
4 )
OT,5 = g
2
1g
2
2
8
OB2W 21
OT,6 = g
2
1g
2
2
8
OB2W 23
OT,7 = g
2
1g
2
2
32
(OB2W 21 +OB
2W 2
3 +OB
2W 2
4 )
OT,8 = g
4
1
16
OB41
OT,9 = g
4
1
64
(2OB41 +OB
4
2 ).
(89)
Our constraints given in Eqs. (40), (42), and (4.2) then imply
2cT,0 + 2cT,1 + cT,2 > 0
4cT,6 + cT,7 > 0
cT,7 > 0
2cT,8 + cT,9 > 0
cT,9 > 0.
(90)
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Figure 10: Two examples of the allowed and forbidden aQGC parameter space, as demarcated
by our bounds. In each figure we have marginalized over the operators that are not shown. On
the left we show the allowed parameter space in the cS,0 and cS,1 plane, applying the bounds in
Eq. (86). Note that cS,0 + cS,1 + cS,2 > 0 provides no additional information in this plane once
we marginalize over cS,2. In this space, we show the 95% confidence level (CL) limits derived
by CMS [32] under the assumption that cS,2 precisely vanishes. On the right, we provide an
example of two parameters relevant for aQGCs where our bounds are more restrictive, cT,6 and
cT,7, as determined from Eq. (90). These figures represent an explicit realization of the schematic
goal of our work shown in Fig. 1.
Moreover, our bound cW 42 + cW
4
4 > 0 from Eq. (40) cannot be converted into aQGC notation,
as the conventional aQGC basis is incomplete, missing the operator OW 42 . The majority of the
T-type bounds in Eq. (90) are consistent with those in Table 1 of Ref. [65]. The only exception
is that we require cT,7 > 0, whereas when those authors restricted their results to a single
operator, they found cT,7 = 0. In that work, the authors also required that the coefficient of
OT,5, or equivalently our OB2W 21 , vanished. Looking back to the relevant row in Table 5, we see
that any one-loop completion of these operators that involves a scalar, fermion, or vector that
is charged under both SU(2)L and U(1)Y will generate a nonzero coefficient for both OT,5 and
OT,7, in conflict with the one-at-a-time bounds in Ref. [65]. These completions are standard
quantum field theories and are analogous to the completion of the Euler-Heisenberg action by
the electron loop in quantum electrodynamics [109], so these models should not be forbidden by
any consistent set of positivity bounds, providing another explicit example of the limitations of
one-at-a-time results.
43
Having converted our bounds into the aQGC notation, we see from Eqs. (86), (88), and (90)
that we are able to demand the positivity of four of the 18 commonly-used aQGC couplings
individually, with a further five coefficients entering bounds containing two operators and an
additional four coefficients entering only bounds containing three operators. Two depictions of
the allowed space are shown in Fig. 10 and represent two-dimensional views of the parameter
space where the unseen parameters have been marginalized over. As we derived the bounds while
considering all possible four-field-strength operators, these constraints must be satisfied by any
consistent UV completion. Nevertheless, while our bounds apply to every UV completion, not
every UV completion will generate only the combinations of operator coefficients that appear
in our bounds. This point is manifest in Table 5, where we see that introducing a new field at
one loop that is charged under the SM will generically yield a large number of higher-dimension
operators.
At this stage, we have ten bounds that constrain 13 of the aQGC operators (plus one addi-
tional bound that cannot be translated as the standard aQGC basis is incomplete). This can
be contrasted with Refs. [65] and [66], where the authors gave bounds on 16 and 18 operators,
respectively. One point of difference is that in the present work we have restricted ourselves to
the scattering of individual gauge-bosons in the unbroken phase, with colors chosen subject to
the condition in Eq. (24). A possibility for going beyond this is to consider scattering a super-
positions of gauge bosons, which is particularly well motivated given that the SM γ, Z, and W±
are themselves superpositions of the unbroken fields. Fully mapping out in detail the space of all
positivity bounds on the operators in Tables 1 and 2 arising from arbitrary superpositions of B,
W , G, and H fields is beyond the scope of our present work, but would proceed similarly to the
approach we used for scalars in Sec. 4.3. To provide a flavor of the additional constraints that
can be derived from such an approach, however, let us consider a simple example of scattering
states of the form (B+W 3)/
√
2, which would be the photon in a theory with θW = pi/4. Doing
so, we arrive at the following additional bounds on the operators in Table 1:
cB
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1 + c
W 4
1 + c
W 4
3 + c
B2W 2
1 + c
B2W 2
3 > 0
cB
4
2 + c
W 4
2 + c
W 4
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B2W 2
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B2W 2
4 > 0
(c˜B
4
1 + c˜
W 4
1 + c˜
W 4
2 + c˜
B2W 2
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B2W 2
2 + c˜
B2W 2
3 )
2
< 4(cB
4
1 + c
W 4
1 + c
W 4
3 + c
B2W 2
1 + c
B2W 2
3 )(c
B4
2 + c
W 4
2 + c
W 4
4 + c
B2W 2
2 + c
B2W 2
4 ).
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The first of these can be converted completely into the aQGC notation, and requires
4g42 (2cT,0 + 2cT,1 + cT,2) + 2g
2
1g
2
2 (2cT,5 + 2cT,6 + cT,7) + g
4
1 (2cT,8 + cT,9) > 0. (92)
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This inequality now provides a constraint on the coefficient of OT,5, although in a more compli-
cated form than the bounds already presented. More generally, additional superpositions will
allow the construction of further bounds than those already considered, but we postpone a full
exploration to future work.
Before moving on, let us comment on additional collider searches where our bounds are
likely to be relevant. The discussion here will be brief, as it would be appropriate to have
the complete set of superposition bounds before determining the full scope of applicability.
Fundamentally, any such search must be sensitive to the effect of dimension-eight operators,
preferably in a channel where the dimension-six effects can be suppressed. Of course, even
if both types of operators are present, it is not true that all UV theories predict that the
dimension-six operators dominate. For example, in certain theories that invoke strong dynamics
at the TeV scale, it has been shown that dimension-eight operators can sometimes dominate the
corresponding LHC observables [137,138]. Even in situations where the dimension-six operators
are expected to dominate, there are still experimental handles to expose the higher-dimension
effects. In the case of aQGCs, as already mentioned, there are separate channels where the
dimension-six operators can be independently constrained. Another possibility would involve
observables where the leading contribution occurs at dimension eight. Such a possibility is
provided by neutral triple gauge boson couplings [139]; future e+e− colliders will be particularly
sensitive to a possible ZZγ vertex [140].
More generically, the contribution from higher-dimension operators is expected to fall less
quickly with s, and thereby can be isolated by studying the kinematic tails of distributions. A
classic example of this, discussed in Refs. [141,142], is that if the Superconducting Super Collider
had been realized, the effect of dimension-eight pure gluon operators of the form G4 could be
observed in the high pT tail of the inclusive differential jet cross section, pp → jet + X. This
effect can also manifest at the LHC. In Ref. [87], the authors considered the systematic error
induced by neglecting dimension-eight operators when extracting coefficients for the dimension-
six corrections to pp → hW+. They found that, depending on the measured deviation from
the SM for σ(pp → hW+), the associated error was generally on the order of several percent.
Nevertheless, if the analysis were repeated with an invariant mass cut of mhW > 500 GeV,
the error increased to as large as 50%, highlighting the increased relevance of dimension-eight
operators in the tails. This approach can also be pursued to probe SMEFT corrections to the
Higgs couplings [134]. Despite these possibilities, there are disadvantages inherent in focusing on
the tails, such as the inherent reduction in statistics and further the enhanced PDF uncertainties
(for an example see Ref [143]), although this latter uncertainty can potentially be reduced by
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considering cross section ratios instead.24
6.2 Neutron EDM
The form in which CP-odd operators enter our results, always being bounded by the associated
CP-even contributions, raises the intriguing possibility of connecting potentially disparate ex-
perimental measurements. A comprehensive analysis of this possibility is beyond our present
scope, but in this section we demonstrate a proof-of-principle example: the neutron EDM.
The coefficient of the dimension-four operator that would generate a neutron EDM, GG˜,
is famously small, which raises the possibility of a dominant contribution arising from higher-
dimension operators. Indeed, as first observed in Ref. [144], in extensions to the SM involving
multiple Higgs, at low energies the neutron EDM receives a large contribution from the following
dimension-six operator from Table 3:
O˜G3dim-6 = fabcGaνµ Gbρν G˜cµρ . (93)
The low energy SMEFT associated with these models also includes several of the dimension-
eight CP-odd operators considered in this work, namely O˜G41−3. In Ref. [145], it was shown that
in these same multi-Higgs scenarios, it is possible for the dimension-eight operators to actually
dominate over the dimension-six in the contribution to the neutron EDM, highlighting this as
an observable potentially sensitive to CP-odd operators that are subject to our bounds. As
another example, in Ref. [146] it was demonstrated that in a theory containing a heavy quark
with a chromoelectric dipole moment, the corresponding EFT at low energies generates both
O˜G41 and O˜G43 . (It can be verified that in this case the EFT coefficients explicitly satisfy our
bounds.)
Recall that the bounds we derived on these operators in Eq. (38), absent any fine tuning,
are schematically of the form (c˜G4)2 < (cG4)2; heuristically, the CP-even contribution bounds
the CP-odd. Yet as seen above, experiment should also bound the CP-odd contribution in this
case. To estimate the impact of the dimension-eight operators on the neutron EDM, following
Ref. [144], we can use naive dimensional analysis [147, 148] applied to an operator of the form
(c/M4)G3G˜. Doing so, we obtain
|dn| ∼ e c
M4
Λ3χSB
(4pi)2
≈ c
(
1 TeV
M
)4
× 10−28 e cm. (94)
24We thank Jesse Thaler for this suggestion.
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Here ΛχSB = 4piFpi ≈ 1190 MeV is the scale associated with chiral symmetry breaking. Taking
c ∼ O(1) and the current experimental bound of |dn| . 10−26 e cm [14–16], we see these
measurements are already probing the scale associated with O˜G41−3 to several hundred GeV.
The hope would then be to compare this estimate to the limits on the associated CP-
even contribution. Unfortunately, bounds on CP-even dimension-eight gluon operators, for
example from multijet events at colliders, have not been comprehensively considered in the
literature; as such, we cannot explore this possibility here. We note that there are clear challenges
inherent in such an analysis. Most importantly there are significant uncertainties associated with
measurements of multijet cross sections at the LHC (see, for example, Refs. [149,150]), on top of
which a small correction from dimension-eight SMEFT operators would be difficult to constrain.
Nevertheless, this example is a proof of principle for how our CP-odd bounds could be utilized.
Another possible consequence of our bounds, in this case, is if a definitive neutron EDM were
discovered, one way to test if it had a dimension-eight origin would be to search for the associated
CP-even effect, the magnitude of which can be estimated from the same bound.
7 Conclusions
In this paper, we have placed bounds on operator coefficients in the SMEFT. For the 64 quartic
bosonic operators with four derivatives at mass dimension eight enumerated in Sec. 3 (see
Tables 1 and 2), we derived 27 independent bounds on their Wilson coefficients in Sec. 4, which
we restate here for convenience:25
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cB
4
1 > 0 c
H2B2
1 > 0
cB
4
2 > 0 c
H2W 2
1 > 0
cH
4
1 + c
H4
2 + c
H4
3 > 0 c
H2G2
1 > 0
25We reiterate that in this work we have used the mostly-plus metric convention. Working instead in the mostly-
minus convention, these results are identical except for three sign changes, resulting in cH
2B2
1 < 0, cH
2W 2
1 < 0,
and cH
2G2
1 < 0.
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(96)
As discussed in Secs. 2 and 4, these bounds follow from amplitudes and causality arguments
analogous to those of Ref. [34]: analyticity and unitarity of two-to-two scattering amplitudes,
along with subluminal signal propagation in the EFT in nontrivial backgrounds. While IR
consistency techniques have been previously used to constrain various EFTs of interest [34, 38–
60,65–71], they hitherto have not been systematically applied to the full SMEFT itself. As a test
of our bounds, in Sec. 5 we exhibited a litany of UV completions of these operators and found
that our inequalities were always satisfied. The IR requirements of analyticity and causality are
relatively agnostic of the details of the UV completion and therefore provide a robust means of
bounding the coefficients of deformations of the low-energy EFT. They are hence highly relevant
to the current situation in particle physics. Indeed, as discussed in Sec. 6, the bounds derived in
this paper will be useful in any search that can be cast in terms of the operators we constrain.
As two explicit examples, we demonstrated the immediate applicability of our results to aQGC
searches at the LHC and measurements of the neutron EDM.
The results of this paper suggest many well-motivated directions for future study. While in
the present work we have restricted ourselves to scattering amplitudes for boson states of definite
type (H, B, W , or G), it would be very interesting to apply the optical theorem to incoming
states that are superpositions of different bosons (e.g., a superposition of a Higgs and a gluon),
which would result in yet more positivity bounds on the EFT coefficients. However, this presents
a mathematical challenge, since marginalizing over the space of superposition coefficients to find
the minimal set of required bounds amounts to determining positivity of a quartic form, a prob-
lem known to be analytically strongly NP-hard [151] (see also Ref. [44]). Beyond this, there
is significant scope to explore the experimental consequences of our existing (and potentially
superposition-extended) bounds. In particular, the possibility of finding additional connections
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between a CP-even and -odd measurement is an especially compelling direction. Another excit-
ing future direction would be to derive bounds on operators that include fermion fields in the
SMEFT. Finally, we could consider constraints on operator coefficients arising from analyticity
and dispersion relations beyond the forward limit [55]—including the beyond-positivity methods
of Ref. [47] and the EFThedron construction of Ref. [152]—which could provide yet more bounds
on Wilson coefficients. We leave these interesting questions of generalization and application of
our SMEFT bounds to future work.
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A Group Theory Definitions
In Sec. 5.1, we considered completions of the CP-conserving operators in Table 1 by integrating
out at one loop a massive state Φ charged under an arbitrary irreducible representation of
the SM gauge group. Accordingly, the Wilson coefficients in Table 5 depend on various group
theoretic quantities. In this appendix, we define these quantities in more detail. Throughout,
we adopt the conventions of Ref. [109]. For an arbitrary irreducible representation R of gauge
group SU(N) for arbitrary N , we write TR for the generators of R and define the structure
constants as
[T aR, T
b
R] = if
abcT cR. (97)
We can define the quadratic, cubic, and quartic invariants I2,3,4 via
Tr (T (aR T
b)
R ) = I2(R)δ
ab
Tr (T (aR T
b
RT
c)
R ) =
1
4
I3(R)d
abc
Tr (T (aR T
b
RT
c
RT
d)
R ) = I4(R)d
abcd + Λ(R)(δabδcd + δacδbd + δadδbc).
(98)
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The generators are normalized such that I2(F) = 1/2, where F denotes the fundamental rep-
resentation, i.e., the representation of dimension N , and the dabc are normalized such that
I3(F) = 1. The quartic symbol dabcd in Eq. (98), which vanishes for N = 2, 3, is given by
dabcd =
1
24
(dabedcde + dacedbde + dadedbce)− (N + 2)(N − 2)
12N(N2 + 1)
(δabδcd + δacδbd + δadδbc) (99)
and the constant Λ(R) in Eq. (98) is defined as
Λ(R) =
[
D(A)I2(R)
D(R)
− I2(A)
6
]
I2(R)
2 +D(A)
, (100)
where D(R) denotes the dimension of the representation and A denotes the adjoint represen-
tation, for which D(A) = N2 − 1 and I2(A) = N . Thus, I4(F) = 1 and Λ(F) = (2N2 −
3)/12N(N2 + 1). The definition in Eq. (100), along with the third line of Eq. (98), ensures that
I4(R) = 0 for N = 2, 3.
In order to evaluate these quantities for specific representations, we make use of the fact
that an arbitrary irreducible representation R of SU(N) can be specified by its Dynkin indices
(a1, a2, . . . , aN−1), an ordered vector of N − 1 nonnegative integers. The fundamental, antifun-
damental, and singlet representations are written as (1, 0, . . . , 0), (0, . . . , 0, 1), and (0, . . . , 0),
respectively. The dimension of the representation is [153]
D(R) =
N−1∏
p=1
{
1
p!
N−1∏
q=p
[
p∑
r=q−p+1
(1 + ar)
]}
= (1 + a1) (1 + a2) · · · (1 + aN−1)×
×
(
1 +
a1 + a2
2
)(
1 +
a2 + a3
2
)
· · ·
(
1 +
aN−2 + aN−1
2
)
×
×
(
1 +
a1 + a2 + a3
3
)(
1 +
a2 + a3 + a4
3
)
· · ·
(
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3
)
×
...
×
(
1 +
a1 + · · ·+ aN−1
N − 1
)
.
(101)
The quadratic invariant is
I2(R) =
D(R)C2(R)
2(N + 1)N(N − 1) , (102)
where C2(R) is the quadratic Casimir, defined via 2NT aRT aR = C2(R)1, or explicitly [153],
C2(R) =
N−1∑
m=1
[
N(N −m)mam +m(N −m)a2m +
n−1∑
n=0
2n(N −m)anam
]
. (103)
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One can show that I2(R) ≥ D(R)/2N . The cubic anomaly invariant is
I3(R) = D(R)
N−1∑
p=1
N−1∑
q=1
N−1∑
r=1
bpqr(1 + ap)(1 + aq)(1 + ar), (104)
where for i ≤ j ≤ k,
bpqr =
2(N − 3)!
(N + 2)!
p(N − 2q)(N − r), (105)
and all the other entries are determined by requiring that bpqr be totally symmetric [111]. Finally,
the quartic coefficient I4(R) for general N can be found in Ref. [154]; since it vanishes for the
SM gauge group, it does not impact the operators we consider.
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